Frequent exchange of the DNA polymerase during bacterial chromosome replication by Beattie, Thomas R. et al.
This is an author produced version of Frequent exchange of the DNA polymerase during 
bacterial chromosome replication.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/114957/
Article:
Beattie, Thomas R., Kapadia, Nitin, Nicolas, Emilien et al. (4 more authors) (2017) 
Frequent exchange of the DNA polymerase during bacterial chromosome replication. 
eLife. ISSN 2050-084X 
https://doi.org/10.7554/eLife.21763
promoting access to
White Rose research papers
eprints@whiterose.ac.uk
http://eprints.whiterose.ac.uk/
)UHTXHQWH[FKDQJHRIWKH'1$SRO\PHUDVHGXULQJEDFWHULDOFKURPRVRPHUHSOLFDWLRQ ?
 ?
7KRPDV 5 %HDWWLH 1LWLQ .DSDGLD (PLOLHQ 1LFRODV 6WHSKDQ 8SKRII $GDP -0 ?
:ROOPDQ0DUN&/HDNHDQG5RGULJR5H\HV/DPRWKH ?
 ? 'HSDUWPHQWRI%LRORJ\0F*LOO8QLYHUVLW\0RQWUHDO4&+*%&DQDGD ? 'HSDUWPHQWRI%LRFKHPLVWU\8QLYHUVLW\RI2[IRUG2[IRUG2;488. ? %LRORJLFDO3K\VLFDO6FLHQFHV,QVWLWXWH'HSDUWPHQWVRI3K\VLFVDQG%LRORJ\8QLYHUVLW\RI<RUN ?
+HVOLQJWRQ<RUN<2''8. ? &RILUVWDXWKRU ? ?
 ? ?
&RUUHVSRQGHQFHURGULJRUH\HV#PFJLOOFD ? ?
&XUUHQWDGGUHVV)DVW7UDFN'LDJQRVWLFV/X[HPERXUJ6jUO5&6/X[HPERXUJ% ? ?
 ? ?
 ? ?
$EVWUDFW ? ?
 ? ?
7KHUHSOLVRPHLVDPXOWLSURWHLQPDFKLQHWKDWFDUULHVRXW'1$UHSOLFDWLRQ,QEscherichia coliD ? ?
VLQJOHSDLURIUHSOLVRPHVLVUHVSRQVLEOHIRUGXSOLFDWLQJWKHHQWLUH0ESFLUFXODUFKURPRVRPH ? ?
%HDWWLH DQG 5H\HV/DPRWKH  In vitro VWXGLHV RI UHFRQVWLWXWHG E. coli UHSOLVRPHV KDYH ? ?
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E. coli ZLWK IOXRUHVFHQFH PLFURVFRS\ ZH IRXQG WKDW WKH 3RO ,,, VXEDVVHPEO\ IUHTXHQWO\ ? ?
GLVHQJDJHV IURP WKH UHSOLVRPH GXULQJ '1$ V\QWKHVLV DQG H[FKDQJHV ZLWK IUHH FRSLHV IURP ? ?
VROXWLRQ,QFRQWUDVWWKH'QD%KHOLFDVHDVVRFLDWHVVWDEO\ZLWKWKHUHSOLFDWLRQIRUNSURYLGLQJWKH ? ?
PROHFXODUEDVLVIRUKRZWKHE. coliUHSOLVRPHFDQPDLQWDLQKLJKSURFHVVLYLW\DQG\HWSRVVHVVWKH ? ?
IOH[LELOLW\ WR E\SDVV REVWUXFWLRQV LQ WHPSODWH '1$ 2XU GDWD FKDOOHQJHV WKH ZLGHO\DFFHSWHG ? ?
VHPLGLVFRQWLQXRXVPRGHORIFKURPRVRPDOUHSOLFDWLRQLQVWHDGVXSSRUWLQJDIXOO\GLVFRQWLQXRXV ? ?
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'1$ UHSOLFDWLRQ LV FDUULHG RXW E\ D PXOWLIXQFWLRQDO PDFKLQH WKH UHSOLVRPH 7KH E. coli ? ?
UHSOLVRPHKDVEHHQFKDUDFWHUL]HGin vitroDQGin vivoDQGLVFRPSRVHGRIPRUHWKDQGLIIHUHQW ? ?
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E\ WKH 3RO ,,, SRO\PHUDVH αεθ 7KUHH FRSLHV RI 3RO ,,, DUH LQFRUSRUDWHG LQWR WKH UHSOLVRPH ? ?
WKURXJK DQ LQWHUDFWLRQ ZLWK WKH τ VXEXQLW RI WKH SHQWDPHULF FODPS ORDGHU FRPSOH[ τδδ¶ ? ?
7RJHWKHU WKHVH FRQVWLWXWH WKH 3RO ,,, VXEDVVHPEO\ αεθτδδ¶ 7KH FODPS ORDGHU LV DOVR ? ?
UHVSRQVLEOHIRUORDGLQJWKHβFODPSGLPHURQWR'1$ZKLFKLVUHTXLUHGIRUSURFHVVLYHV\QWKHVLV ? ?
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WKH OHDGLQJ VWUDQG±RFFXUV FRGLUHFWLRQDOO\ZLWKSURJUHVVLRQRI WKH UHSOLFDWLRQ IRUNZKLOH WKH ? ?
VHFRQGVWUDQG± WKH ODJJLQJVWUDQG± LVV\QWKHVL]HGE\UHSHDWHGF\FOHVRISULPHUV\QWKHVLVDQG ? ?
'1$H[WHQVLRQ ? ?
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 oriC 0XOWLSOH PHFKDQLVPV WLJKWO\ UHVWULFW 'QD% ORDGLQJ DQG WKHUHIRUH UHSOLVRPH ? ?
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&RVWDHW ? ?
DO7ZRVLVWHUUHSOLVRPHVDUHDVVHPEOHGDWoriCGXULQJLQLWLDWLRQDQGHDFKLVUHVSRQVLEOH ? ?
IRUUHSOLFDWLQJKDOIRIWKHa0ESFKURPRVRPH$WR&LWWDNHVPLQXWHVRIFRQWLQXRXV ? ?
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FDQ UHVXOW LQ WKH VWDOOLQJRI WKH UHSOLVRPHGXH WR3RO ,,,¶V LQDELOLW\ WRXVHGDPDJHG'1$DV D ? ?
WHPSODWH 0RRUH HW DO  ,Q DGGLWLRQ WKH UHSOLVRPH IUHTXHQWO\ HQFRXQWHUV '1$ERXQG ? ?
SURWHLQVSRWHQWLDOO\UHVXOWLQJLQGLVDVVHPEO\RUSDXVLQJ0HWWULFNDQG*UDLQJH*XSWDHW ? ?
DO  0XOWLSOH PHFKDQLVPV KDYH EHHQ SURSRVHG WKDW DOORZ UHSOLVRPH LQWHJULW\ WR EH ? ?
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+HOOHU DQG 0DULDQV D <HHOHV DQG 0DULDQV ? ?
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,QFDVHVZKHUHWKHVHVWUDWHJLHVDUHLQVXIILFLHQWWKHFHOODOVRKDVPHFKDQLVPVWRPHGLDWH ? ?
WKH UHDVVHPEO\ RI WKH UHSOLVRPH DW VSHFLILF '1$ VWUXFWXUHV WKDW DULVH IROORZLQJ UHSOLVRPH ? ?
FROODSVH +HOOHU DQG 0DULDQV E 7KH IUHTXHQF\ DW ZKLFK UHSOLVRPHV HQFRXQWHU WKHVH ? ?
REVWDFOHV DQG WKH HIILFLHQF\ RI WKH E\SDVVPHFKDQLVPV DUH VWLOO XQFOHDU ,W LV DOVRXQFHUWDLQ LQ ? ?
ZKLFKZD\WKHDUFKLWHFWXUHDQGVWDELOLW\RIUHSOLVRPHSOD\DUROHGXULQJWKHVHHYHQWV ? ?
 ? ?
7KH UHSOLVRPH LV OLNHO\ WR EH DIIHFWHG E\ PXOWLSOH IDFWRUV SUHVHQW LQVLGH FHOOV ZKLFK KDYH QRW ? ?
EHHQDFFRXQWHGIRU LQUHFRQVWLWXWHGV\VWHPV+RZHYHUDGLUHFWPHDVXUHPHQWRI WKHVWDELOLW\RI ? ?
WKH UHSOLVRPH KDV QRW EHHQ XQGHUWDNHQ in vivo +HUH ZH PHDVXUH WKH ELQGLQJ NLQHWLFV RI ? ?
UHSOLVRPHVXEXQLWVGXULQJ'1$UHSOLFDWLRQXVLQJWZRLQGHSHQGHQWIOXRUHVFHQFHEDVHGPHWKRGV ? ?
LQ OLYLQJ FHOOV 2XU UHVXOWV VKRZ WKDW WKH HQWLUH 3RO ,,, VXEDVVHPEO\ LV UHSODFHG ZLWKLQ WKH ? ?
UHSOLVRPHDWDIUHTXHQF\HTXLYDOHQWWRDIHZF\FOHVRI2ND]DNLIUDJPHQWV\QWKHVLV7KLVOHDGVXV ? ?
WRFRQFOXGHWKDW'1$UHSOLFDWLRQLVDGLVFRQWLQXRXVSURFHVVRQERWKVWUDQGV:HDOVRILQGWKDW ? ?
WKH 'QD% KHOLFDVH UHPDLQV ERXQG WR '1$ IRU WHQV RI PLQXWHV SUHYHQWLQJ GLVDVVHPEO\ RI WKH ? ?
UHSOLVRPHOLNHO\E\VHUYLQJDVDGRFNGXULQJ3RO,,,VXEDVVHPEO\WXUQRYHU:HSURSRVHWKDWWKLV ? ?
G\QDPLFVWDELOLW\SURYLGHV WKH UHSOLVRPHZLWK IOH[LELOLW\ WRE\SDVV IUHTXHQWREVWDFOHVRQ'1$ ? ?
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 ? ?
  ? ?
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 ? ?
 ? ?
)OXRUHVFHQFH 5HFRYHU\ $IWHU 3KRWREOHDFKLQJ UHYHDOV IUHTXHQW H[FKDQJH RI VXEXQLWV LQ ? ?
DFWLYHUHSOLVRPHV ? ?
7RDVVHVVWKHVWDELOLW\RIWKHE. coliUHSOLVRPHZKHQUHSOLFDWLQJFKURPRVRPDO'1$in vivoZH ? ?
ILUVW PHDVXUHG WKH ELQGLQJ NLQHWLFV RI UHSOLVRPH VXEXQLWV XVLQJ IOXRUHVFHQFH UHFRYHU\ DIWHU ? ?
SKRWREOHDFKLQJ )5$3 LQ VWUDLQV SRVVHVVLQJ IOXRUHVFHQW <3HW GHULYDWLYHV RI NH\ UHSOLVRPH ? ?
FRPSRQHQWV 5H\HV/DPRWKH HW DO  5H\HV/DPRWKH HW DO  8VLQJ DFWLYHO\ ? ? ?
UHSOLFDWLQJ FHOOV LQ JURZWK FRQGLWLRQV WKDW SHUPLW D VLQJOH UHSOLFDWLRQ HYHQW SHU FHOO F\FOH ZH ? ? ?
EOHDFKHG LQGLYLGXDO IRFL RI IOXRUHVFHQW UHSOLVRPH VXEXQLWV XVLQJ D IRFXVHG ODVHU SXOVH DQG ? ? ?
PHDVXUHG WKHLU UHFRYHU\RYHU WLPH )LJXUH%7KHGLPHQVLRQVRIE. coli ± LQRXU FRQGLWLRQV ? ? ?
W\SLFDOO\aµPGLDPHWHUDQGIHZPLFURQVLQOHQJWK±DQGWKHORZQXPEHURIUHSOLVRPHVXEXQLW ? ? ?
PROHFXOHVSHUFHOO±DIHZKXQGUHGIRUPRVWVXEXQLWV5H\HV/DPRWKHHWDO±LQFUHDVHG ? ? ?
WKHGLIILFXOW\RIVHOHFWLYHO\EOHDFKLQJUHSOLVRPHIRFLZLWKRXWDIIHFWLQJWKHUHPDLQLQJIOXRUHVFHQW ? ? ?
SRRO7RPLQLPL]HSKRWREOHDFKLQJRIWKHGLIIXVLQJSRRORIIOXRUHVFHQWSURWHLQVZHLQFUHDVHGFHOO ? ? ?
YROXPH E\ WUHDWPHQW ZLWK FHSKDOH[LQ WKLV GLG QRW DIIHFW '1$ UHSOLFDWLRQ )LJXUH ILJXUH ? ? ?
VXSSOHPHQW ? ? ?
 ? ? ?
7RRXUVXUSULVHZHIRXQGWKDWWKHLQLWLDOIRFXVIOXRUHVFHQFHUHFRYHUHGLQDIHZVHFRQGVIRU3RO ? ? ?
,,, DQG FODPS ORDGHU FRPSRQHQWV )LJXUH % )OXRUHVFHQFH UHFRYHU\ LV QRW H[SODLQHG E\ WKH ? ? ?
SKRWRSK\VLFDOSURSHUWLHVRI<3HWOLNHSKRWREOLQNLQJDQGLQVWHDGLWUHSUHVHQWVSURWHLQH[FKDQJH ? ? ?
)LJXUHILJXUHVXSSOHPHQW:HXVHGDUHDFWLRQGLIIXVLRQPRGHOLQDUHDFWLRQOLPLWHGUHJLPH ? ? ?
WR ILW WKH DYHUDJH IOXRUHVFHQFH UHFRYHU\ FXUYH RI LQGLYLGXDO VXEXQLWV DQG FDOFXODWHG D WLPH ? ? ?
FRQVWDQWIRUELQGLQJERXQGWLPHZKLFKUHSUHVHQWVWKHDYHUDJHWLPHWKDWDPROHFXOHLVERXQGWR ? ? ?
WKHUHSOLVRPHEHIRUHH[FKDQJLQJ7KHERXQGWLPHZDVDQGVHFRQGVPHDQ6(IRU ? ? ?
WKH α DQG ε VXEXQLWV RI 3RO ,,, UHVSHFWLYHO\ 6LPLODUO\ WKH τ δ DQG χ VXEXQLWV RI WKH FODPS ? ? ?
ORDGHUKDGERXQGWLPHVRIDQGVHFRQGVUHVSHFWLYHO\)LJXUH&'0ROHFXOHV ? ? ?
RI WKH β FODPS H[FKDQJHG DW D VORZHU UDWH UHPDLQLQJ DVVRFLDWHG IRU DQ DYHUDJH RI    ? ? ?
VHFRQGVFRQVLVWHQWZLWKLWVELQGLQJWRQHZO\V\QWKHVL]HG'1$EHKLQGWKHUHSOLVRPH0RROPDQ ? ? ?
HWDO6X
HWVXJXDQG(UULQJWRQ7KHWLPHVFDOHRI3RO,,,KRORHQ]\PHH[FKDQJHLVLQ ? ? ?
VWULNLQJ FRQWUDVW WR WKH a PLQXWHV UHTXLUHG IRU WZR UHSOLVRPHV WR FRPSOHWH FKURPRVRPDO ? ? ?
UHSOLFDWLRQXQGHURXUPLFURVFRS\FRQGLWLRQV)LJXUHILJXUHVXSSOHPHQW ? ? ?
 ? ? ?
VSW3$/0GHPRQVWUDWHVIDVWWXUQRYHURIWKH3RO,,,VXEDVVHPEO\ ? ? ?
7R FRQILUP WKHVH UHVXOWV ZH XVHG VLQJOHSDUWLFOH WUDFNLQJ 3KRWRDFWLYDWHG /RFDOL]DWLRQ ? ? ?
0LFURVFRS\ VSW3$/0 0DQOH\ HW DO  WR GHWHUPLQH WKH ERXQGWLPHV RI UHSOLVRPH ? ? ?
VXEXQLWV 8SKRII HW DO  :H FRQVWUXFWHG E. coli VWUDLQV ZLWK IXQFWLRQDO IXVLRQV RI ? ? ?
UHSOLVRPHVXEXQLWVDQGWKHSKRWRFRQYHUWLEOHIOXRUHVFHQWSURWHLQP0DSOH0F(YR\HWDO ? ? ?
)LJXUHILJXUHVXSSOHPHQW:HXVHGDVLQJOHORZLQWHQVLW\SXOVHRIQPODVHUDFWLYDWLRQ ? ? ?
SHU H[SHULPHQW WR VZLWFK RQ DYHUDJH D VLQJOHPROHFXOH SHU FHOO LQWR D UHG IOXRUHVFHQFH VWDWH ? ? ?
/RQJ PV FDPHUD H[SRVXUH WLPHV ± WR PRWLRQEOXU IDVW GLIIXVLQJ PROHFXOHV ± ZHUH XVHG ? ? ?
VSDFHG E\ V RU V LQWHUYDOV WR WUDFN QRQGLIIXVLQJ UHSOLVRPHDVVRFLDWHG PROHFXOHV DV IRFL ? ? ?
)LJXUH$7KLVLOOXPLQDWLRQSURWRFROGLGQRWSHUWXUEFHOOJURZWK)LJXUHILJXUHVXSSOHPHQW ? ? ?
7UDFNGXUDWLRQGLVWULEXWLRQVIRUODEHOOHGUHSOLVRPHVXEXQLWVZHUHFDOFXODWHGIURPWKHQXPEHU ? ? ?
RIIUDPHVLQGLYLGXDOPROHFXOHVDSSHDUHGDVIRFL)LJXUH%&%RXQGWLPHVZHUHFDOFXODWHGE\ ? ? ?
FRUUHFWLQJIRUWKHGLVDSSHDUDQFHRIIRFLGXHWRSKRWREOHDFKLQJZKLFKZDVFKDUDFWHUL]HGXVLQJD ? ? ?
VWUDLQFDUU\LQJWKHWUDQVFULSWLRQDOUHSUHVVRU/DF,IXVHGWRP0DSOHDQGDFKURPRVRPDODUUD\RI ? ? ?
lacOELQGLQJVLWHV:HDOVRDVVHVVHGWKHHIIHFWSKRWREOLQNLQJXVLQJWKLVVDPHVWUDLQ)LJXUH ? ? ?
ILJXUH VXSSOHPHQW $& :H H[SHFW WKDW LQ WKH WLPHVFDOH RI RXU H[SHULPHQWV WKH OLIHWLPH RI ? ? ?
/DF,P0DSOH IRFL ZLOO EH GLFWDWHG E\ SKRWREOHDFKLQJ ZLWK GLVVRFLDWLRQ IURP '1$ EHLQJ ? ? ?
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+DPPDUHWDO ? ? ?
 ? ? ?
7KHVLQJOHPROHFXOHUHVXOWVDUHFRQVLVWHQWZLWKRXU)5$3GDWD3RO,,,VXEXQLWDQGFODPSORDGHU ? ? ?
FRPSRQHQWVLQGHHGH[FKDQJHGUDSLGO\ZLWK ετDQGδUHPDLQLQJUHSOLVRPHDVVRFLDWHGIRURQO\ ? ? ?
  DQG VHFRQGV PHDQ6( UHVSHFWLYHO\ )LJXUH%DQG' :H ? ? ?
IRXQGQRVWURQJHYLGHQFHIRUPXOWLSOHELQGLQJEHKDYLRUVRILQGLYLGXDOVXEXQLWV)LJXUHILJXUH ? ? ?
VXSSOHPHQW ' DQG 6XSSOHPHQWDU\ ILOH & VXJJHVWLQJ WKDW ERWK OHDGLQJ DQG ODJJLQJ ? ? ?
SRO\PHUDVHVEHKDYHVLPLODUO\$VZLWK)5$3ZHREVHUYHGVLPLODUERXQGWLPHVIRUDOOVXEXQLWV ? ? ?
RI ERWK WKH '1$ SRO\PHUDVH ,,, DQG FODPS ORDGHU FRPSOH[HV GHVSLWH D GLIIHUHQFH LQ ? ? ?
VWRLFKLRPHWU\±δ,τ DQGε DUHSUHVHQW LQ DQGFRSLHVSHU UHSOLVRPH UHVSHFWLYHO\ )LJXUH ? ? ?
$ $V VXFK H[FKDQJH RI LQGLYLGXDO VXEXQLWV LQGHSHQGHQWO\ IURP RQH DQRWKHU DOWKRXJK VWLOO ? ? ?
SRVVLEOHGRHVQRWHDVLO\H[SODLQRXUUHVXOWV:HWKHUHIRUHSURSRVHWKDWWKHXQLWRIH[FKDQJHRI ? ? ?
3RO ,,, DQG FODPS ORDGHU VXEXQLWV LV WKH 3RO ,,, VXEDVVHPEO\ αεθτδδ¶ 7KLV LGHD LV ? ? ? VXSSRUWHGE\in vitroGDWDWKDWVKRZVWKDWH[FKDQJHRI3RO,,,DWWKHUHSOLFDWLRQIRUNUHTXLUHVLWWR ? ? ?
EHSDUWRIWKH3RO,,,VXEDVVHPEO\<XDQHWDO&HOOVKDYHDQH[FHVVRIIUHH3RO,,,WKDW ? ? ?
GRHVQRWLQWHUDFWZLWKWKHFODPSORDGHU0DNLDQG.RUQEHUJ&RQVLVWHQWZLWKWKHQRWLRQ ? ? ?
WKDWRQO\3RO,,,VXEXQLWVIRXQGZLWKLQD3RO,,,VXEDVVHPEO\DUHFRPSHWHQWIRUH[FKDQJHZH ? ? ?
REVHUYHG UHELQGLQJRI VLQJOHPROHFXOHV RI ε RIWHQ WR D GLIIHUHQW UHSOLVRPH DW D PXFKKLJKHU ? ? ?
IUHTXHQF\ WKDQZRXOGEHSUHGLFWHG LI DOO RI WKHaPROHFXOHVRI ε LQ WKH FHOOZHUH LQGLUHFW ? ? ?
FRPSHWLWLRQ5H\HV/DPRWKHHWDO)LJXUH$DQG)LJXUHILJXUHVXSSOHPHQW ? ? ?
 ? ? ?
7KHβFODPSDJDLQVKRZHGDORQJHUERXQGWLPHRIVHFRQGVLQVSW3$/02XUHVWLPDWHLV ? ? ?
EURDGO\FRQVLVWHQWZLWKDSUHYLRXVHVWLPDWHIURPE. coli DOWKRXJKaWLPHVVKRUWHU0RROPDQHW ? ? ?
DO$VVXPLQJVLPLODUQXPEHUVRI'1$ERXQGβDVLQWKDWHDUOLHUUHSRUWZHHVWLPDWHIURP ? ? ?
RXUUHVXOWVWKDWDQHZβGLPHULVORDGHGDWHDFKUHSOLFDWLRQIRUNHYHU\aVHFRQGV&RQVLGHULQJ ? ? ?
DQDYHUDJHUDWHRIIRUNSURJUHVVLRQRIaESV±FDOFXODWHGIURPWKHGXUDWLRQRIUHSOLFDWLRQLQ ? ? ?
WKH FRQGLWLRQV XVHG )LJXUH ILJXUH VXSSOHPHQW  ± ZH ILQG DQ DYHUDJH 2ND]DNL IUDJPHQW ? ? ?
OHQJWKRIESLQFORVHDJUHHPHQWZLWKDQin vitroPHDVXUHPHQWRIESDWURRPWHPSHUDWXUH ? ? ?
<DRHWDO,QFRQWUDVWZHHVWLPDWHIURP)5$3DQGVSW3$/0DQDYHUDJHUHSOLFDWLRQIRUN ? ? ?
SURJUHVVLRQ RI NES SULRU WR 3RO ,,, H[FKDQJH ZKLFK ZRXOG DOORZ FRPSOHWLRQ RI PXOWLSOH ? ? ?
2ND]DNL F\FOHV :H WKHUHIRUH WKLQN LW XQOLNHO\ WKDW VXEXQLW H[FKDQJH ZLWKLQ WKH UHSOLVRPH LV ? ? ?
H[FOXVLYHO\OLQNHGWRWKHG\QDPLFVRQWKHODJJLQJVWUDQG ? ? ?
 ? ? ?
'QD%PD\DFWDVDVWDEOHSODWIRUPXSRQZKLFKWKH3RO,,,VXEDVVHPEO\H[FKDQJHV ? ? ?
7KH'QD%KHOLFDVHGLVSOD\HGYHU\GLIIHUHQWG\QDPLFVWRRWKHUUHSOLVRPHVXEXQLWVZKHQDVVHVVHG ? ? ?
E\)5$3&UXFLDOO\ZHQHYHUREVHUYHGIXOO IOXRUHVFHQFHUHFRYHU\RI'QD%RYHUPLQXWHVRI ? ? ?
PHDVXUHPHQW )LJXUH %' LQGLFDWLQJ WKDW LW LV VWDEO\ DVVRFLDWHG ZLWK WKH UHSOLVRPH RQ WKLV ? ? ?
WLPHVFDOH 2XU DQDO\VLV VKRZHG DQ LQLWLDO UHFRYHU\ RI IOXRUHVFHQFH ZLWK D    VHFRQG WLPH ? ? ?
FRQVWDQW ZKLFK ZH DWWULEXWH WR WKH VLJQDO IURP GLIIXVLQJ PROHFXOHV PRYLQJ LQWR WKH EOHDFKHG ? ? ?
DUHD+RZHYHUZHGLGQRWREVHUYH D VLJQLILFDQW LQFUHDVH LQ WKH LQWHQVLW\ DIWHU WKLV LQLWLDO WLPH ? ? ?
SRLQW SUHYHQWLQJ XV IURP DFFXUDWHO\ HVWLPDWLQJ D ERXQGWLPH IRU 'QD% )LJXUH & :H ? ? ?
FRQFOXGH WKDW LQ FRQWUDVW WR 3RO ,,, KRORHQ]\PH VXEXQLWV UHSOLVRPHDVVRFLDWHG 'QD% GRHV QRW ? ? ?
H[FKDQJHIUHTXHQWO\DQGLVLQVWHDGDVWDEOHFRPSRQHQWRIWKHUHSOLVRPH ? ? ?
  ? ? ?
$QDO\VLVRI'QD%E\VSW3$/0FRQILUPHGWKDWLWLVWKHPRVWVWDEOHVXEXQLWLQWKHUHSOLVRPH7R ? ? ?
HOLPLQDWHLQFRUUHFWDVVLJQPHQWRI'QD%IOXRUHVFHQFHE\RXUVRIWZDUHZHXVHGHYHQORQJHUV ? ? ?
H[SRVXUH WLPHV WKXV IXUWKHUEOXUULQJVORZGLIIXVLQJPROHFXOHV )LJXUHILJXUH VXSSOHPHQW ? ? ?
&RQWURO H[SHULPHQWV ZLWK ε XQGHU WKH VDPH FRQGLWLRQV KDG QR VLJQLILFDQW HIIHFW RQ FDOFXODWHG ? ? ?
ERXQGWLPHV )LJXUH ILJXUH VXSSOHPHQW ( &UXFLDOO\ ZH HVWLPDWH WKDW VLQJOH PROHFXOHV RI ? ? ?
'QD% UHPDLQHG ERXQG WR WKH UHSOLVRPH IRU    VHFRQGV VLJQLILFDQWO\ ORQJHU WKDQ DQ\ ? ? ?
RWKHU FRPSRQHQW )LJXUH %' 7KH ZLGWK RQ WKH GLVWULEXWLRQ IRU WKLV HVWLPDWH LV LQKHUHQWO\ ? ? ?
ODUJHGXH WRDFORVHVLPLODULW\EHWZHHQ'QD%IRFL OLIHWLPHVDQG WKHEOHDFKLQJWLPHRIP0DSOH ? ? ?
)LJXUH&+RZHYHURXUORQJERXQGWLPHHVWLPDWHLVVXSSRUWHGE\IUHTXHQWH[DPSOHVRI'QD% ? ? ?
IOXRUHVFHQWIRFLWKDWODVWIRUWHQVRIPLQXWHV)LJXUH%&XUUHQWO\ZHFDQQRWDVVHVVWKHH[WHQWDW ? ? ?
ZKLFK WKH WXUQRYHU GHWHFWHG UHSUHVHQWV 3UL$%& PHGLDWHG UHORDGLQJ RI KHOLFDVH +HOOHU DQG ? ? ?
0DULDQV E$OWRJHWKHU RXUGDWD VXSSRUWV D UROH IRU'QD%DV WKHSULPDU\GHWHUPLQDQWRI ? ? ?
UHSOLVRPHLQWHJULW\ ? ? ?
 ? ? ?
$FWLYHV\QWKHVLVLVRQO\SDUWLDOO\UHVSRQVLEOHIRUWXUQRYHU ? ? ?
7R GHWHUPLQH LI VXEXQLW H[FKDQJH RFFXUV DV D FRQVHTXHQFH RI DFWLYH '1$ V\QWKHVLV ZH ? ? ?
PHDVXUHG ERXQGWLPHV E\ )5$3 DQG VSW3$/0 LQ FHOOV WUHDWHG ZLWK WKH '1$ SRO\PHUDVH ? ? ?
LQKLELWRUK\GUR[\XUHD+86LQKDDQG6QXVWDG&RPSRQHQWVRIWKH3RO,,,VXEDVVHPEO\ ? ? ?
DQGWKHβFODPSVKRZHGERXQGWLPHVWZRWRVL[IROGKLJKHUWKDQLQXQWUHDWHGFHOOV)LJXUH$ ? ? ?
% +8 KDG QR DSSDUHQW HIIHFW RQ 'QD% )5$3 HVWLPDWHV )LJXUH $ :H FRQFOXGH WKDW WKH ? ? ?
H[FKDQJH RI UHSOLVRPH FRPSRQHQWV LV DW OHDVW SDUWLDOO\ GHSHQGHQW RQ DFWLYH '1$ V\QWKHVLV ? ? ?
5HPDLQLQJWXUQRYHUPD\UHIOHFWUHVLGXDO'1$V\QWKHVLVDIWHU+8WUHDWPHQW,QDGGLWLRQLWPD\ ? ? ?
LQGLFDWH WKDW WKH UHSOLVRPH LV LQWULQVLFDOO\ G\QDPLF DV D PXOWLSURWHLQ FRPSOH[ ZLWK '1$ ? ? ?
V\QWKHVLVIXUWKHULQFUHDVLQJVXEXQLWH[FKDQJH ? ? ?
 ? ? ?
 ? ? ?
'LVFXVVLRQ ? ? ?
 ? ? ?
$G\QDPLF UHSOLVRPHPD\KHOS WRPLQLPL]HGHOD\V LQ UHSOLFDWLRQ IRUNSURJUHVVLRQ LQ WKH ? ? ?
SUHVHQFHRIURDGEORFNV ? ? ?
2EVWUXFWLRQVLQWHPSODWH'1$SDUWLFXODUO\SURWHLQ'1$FRPSOH[HVKDYHEHHQVKRZQWRFDXVH ? ? ?
IUHTXHQW SDXVLQJ RI WKH E. coli UHSOLVRPH in vivo *XSWD HW DO  In vitro VWXGLHV KDYH ? ? ?
GHPRQVWUDWHG WKDW WKHE. coli UHSOLVRPH LV FDSDEOHRIE\SDVVLQJ VXFKREVWDFOHVE\ LQWHUUXSWLQJ ? ? ?
OHDGLQJVWUDQGV\QWKHVLVDQGUHVXPLQJH[WHQVLRQGRZQVWUHDPRI WKHREVWUXFWLRQIURPD OHDGLQJ ? ? ?
VWUDQG SULPHU GHSRVLWHG E\ 'QD* RU DQ P51$ V\QWKHVL]HG E\ 51$ SRO\PHUDVH +HOOHU DQG ? ? ?
0DULDQV D <HHOHV DQG 0DULDQV  3RPHUDQW] DQG 2
'RQQHOO  2XU GDWD LV ? ? ?
HQWLUHO\FRQVLVWHQWZLWKWKLVPHFKDQLVPZKHUHE\E\SDVVFRXOGEHDFKLHYHGWKURXJKGHWDFKPHQW ? ? ?
RIWKHVWDOOHG3RO,,,VXEDVVHPEO\IURP'QD%DQGLWVUHSODFHPHQWGRZQVWUHDPRIWKHREVWDFOH ? ? ?
ZLWK DQRWKHU 3RO ,,, IURP VROXWLRQ %HFDXVH 'QD% WUDQVORFDWHV RQ WKH ODJJLQJ VWUDQG VPDOO ? ? ?
OHVLRQV DQG ODUJH SURWHLQ EORFNDJHV RQ WKH OHDGLQJ VWUDQG FDQ ERWK EH E\SDVVHG E\ 3RO ,,, ? ? ?
H[FKDQJH1RWHKRZHYHUWKDWZHGLGQRWREVHUYHDQ\DSSDUHQWHIIHFWRQWKHG\QDPLFVRI3RO,,, ? ? ?
DIWHU LQKLELWLQJ WUDQVFULSWLRQ VXJJHVWLQJ WKDW WKLV SURFHVV LV QRW WKH PDLQ FDXVH RI H[FKDQJH ? ? ?
)LJXUH%2QWKHODJJLQJVWUDQGVPDOOWHPSODWHOHVLRQVFDSDEOHRISDVVLQJWKURXJKWKHFHQWUDO ? ? ?
SRUH RI 'QD% PD\ DOVR EH E\SDVVHG WKURXJK 3RO ,,, H[FKDQJH ,Q FRQWUDVW REVWDFOHV RQ WKH ? ? ?
ODJJLQJ VWUDQG WKDW GHVWDELOL]H 'QD% VXFK DV SURWHLQV VWDEO\ ERXQG WR '1$ RU VWUDQG ? ? ?
GLVFRQWLQXLWLHVZRXOGOLNHO\UHVXOWLQWKHGLVDVVHPEO\RIWKHUHSOLVRPH:HSURSRVHWKDWREVWDFOH ? ? ?
E\SDVVDORQJWHPSODWH'1$PD\EHWKHSULPDU\VHOHFWLRQSUHVVXUHWKDWKDVGULYHQWKHHYROXWLRQ ? ? ?
RIDG\QDPLFUHSOLVRPH ? ? ?
 ? ? ?
,QDGGLWLRQ WR WKHPRGHO DERYHZHDFNQRZOHGJH WKDWRWKHUSURFHVVHVPD\DOVRH[HUW VHOHFWLYH ? ? ?
SUHVVXUH IRU WKHJHQHUDWLRQRI WKHREVHUYHG UHSOLVRPHELQGLQJNLQHWLFV)LUVWXQELQGLQJRI3RO ? ? ?
,,,VXEDVVHPEO\PD\UHVXOWIURPEXLOGXSRIKHOLFDOWRUVLRQLQWKHWHPSODWH'1$JHQHUDWHGE\ ? ? ?
WKHFRXSOHGV\QWKHVLVRIERWK'1$VWUDQGV .XUWKHWDO7KLV LVFRQVLVWHQWZLWK ORQJHU ? ? ?
ELQGLQJ WLPHV ZKHQ V\QWKHVLV ZDV LQKLELWHG E\ +8 8QELQGLQJ RI D VLQJOH SRO\PHUDVH IURP ? ? ?
'1$RUUHOHDVHRIWKHZKROH3RO,,,VXEDVVHPEO\ZRXOGKDYHWKHVDPHHIIHFWRQVWUHVVUHOLHI ? ? ?
6HFRQGWKHG\QDPLFVREVHUYHGPD\EHDE\SURGXFWRIWKHKLJKO\UHJXODWHGLQWHUDFWLRQEHWZHHQ ? ? ?
3RO,,,DQGβFODPS(YHQWKRXJK3RO,,,WLJKWO\ELQGVWKHβFODPSWRHQVXUHKLJKO\SURFHVVLYH ? ? ?
V\QWKHVLV WKHVH WZR SURWHLQV UDSLGO\ XQELQG IURP HDFK RWKHU XSRQ FRPSOHWLRQ RI WKH GXSOH[ ? ? ?
'1$7KHVWUHQJWKRI WKLVSURWHLQSURWHLQLQWHUDFWLRQLVPRGXODWHGE\WKH2%GRPDLQLQWKHα ? ? ?
VXEXQLWRI3RO,,,ZKLFKELQGVWRVV'1$DKHDGRIWKHFDWDO\WLFGRPDLQDQGWKH&WHUPLQXVRI ? ? ?
WKHτVXEXQLWRIWKHFODPSORDGHU*HRUJHVFXHWDO/HXHWDO3UHPDWXUHDFWLYDWLRQ ? ? ?
RIVXFKDVZLWFKLQERWKOHDGLQJDQGODJJLQJVWUDQGSRO\PHUDVHVZRXOGZHDNHQWKHJULSRI WKH ? ? ?
3RO,,,VXEDVVHPEO\RQWKHUHSOLFDWLRQIRUNDQGSRWHQWLDOO\UHVXOWLQLWVGLVSODFHPHQW7KLVLGHD ? ? ?
LV FRQVLVWHQW ZLWK WKH SUHVHQFH RI VV'1$ JDSV LQ WKH ODJJLQJ VWUDQG /L DQG 0DULDQV  ? ? ?
ZKLFKPD\EHH[SODLQHGE\DSUHPDWXUHORVVRI3RO,,,SURFHVVLYLW\ ? ? ?
 ? ? ?
3UHVXPDEO\ H[FKDQJH RI 3RO ,,, VXEDVVHPEO\ ZLWKLQ WKH UHSOLVRPH RFFXUV UDSLGO\ HQRXJK WR ? ? ?
PLQLPL]HSRWHQWLDOO\GHOHWHULRXVVV'1$JDSVEHWZHHQIUDJPHQWVRIQDVFHQW'1$RQWKHOHDGLQJ ? ? ?
VWUDQG +RZHYHU WKH UDWH RI '1$ XQZLQGLQJ E\ 'QD% GHFUHDVHV E\ PRUH WKDQ IROG ZKHQ ? ? ?
'QD% LV GHWDFKHG IURP WKH τ VXEXQLW RI WKH FODPS ORDGHU .LP HW DO D SURYLGLQJ D ? ? ?
SRWHQWLDO VDIHW\ PHFKDQLVP WR OLPLW '1$ XQZLQGLQJ DQG H[SRVXUH RI VV'1$ GXULQJ 3RO ,,, ? ? ?
VXEDVVHPEO\H[FKDQJH,WUHPDLQVWREHGHWHUPLQHGLIDQHZO\DVVRFLDWHGFRS\RI3RO,,,XVHVWKH ? ? ?
H[LVWLQJ¶HQGDWWKHOHDGLQJVWUDQGRUUHTXLUHWKHDFWLYLW\RISULPDVHWRUHVXPHV\QWKHVLV ? ? ?
 ? ? ?
3URWHLQH[FHVVLQFHOOVLVDNH\IDFWRULQWKHUHJXODWLRQRIUHSOLVRPHVXEXQLWWXUQRYHU ? ? ?
2XU GDWD DSSDUHQWO\ FRQWUDGLFW in vitro VWXGLHV ZKLFK KDYH GHPRQVWUDWHG WKDW D VLQJOH ? ? ?
UHFRQVWLWXWHGE. coliUHSOLVRPHFDQRSHUDWHZLWKRXWVXEXQLWH[FKDQJHLQV\QWKHVL]LQJDQDYHUDJH ? ? ?
RIaNES7DQQHUHWDO<DRHWDO0HDVXUHPHQWVLQWKRVHUHSRUWVZHUHSHUIRUPHG ? ? ?
E\UHPRYLQJDOOGLIIXVLQJ3RO,,,VXEDVVHPEO\DQG'QD%VXEXQLWVIURPWKHUHDFWLRQ,QFRQWUDVW ? ? ?
LQWKHFHOOWKHUHLVDSHUPDQHQWH[FHVVRIGLIIXVLQJUHSOLVRPHVXEXQLWV:HEHOLHYHWKLVH[SODLQV ? ? ?
WKH GLIIHUHQFHV REVHUYHG ZLWK RXU in vivo GDWD &RPSHWLWLRQ IRU ELQGLQJ VLWHV EHWZHHQ '1$ ? ? ?
ERXQGDQGGLIIXVLQJPROHFXOHVKDVEHHQVKRZQWRFKDQJHWKH'1$ELQGLQJNLQHWLFVRISURWHLQV ? ? ?
VXFKDV)LV+8DQG1+3$*UDKDPHWDO(FR5,6LGRURYDHWDO53$*LEEHW ? ? ?
DO  DQG WKH WUDQVFULSWLRQ IDFWRU &XH5 &KHQ HW DO  )XUWKHUPRUH PDWKHPDWLFDO ? ? ?
PRGHOOLQJKDVVKRZQWKDWLWLVWKHRUHWLFDOO\SRVVLEOHIRUDUHSOLVRPHWREHVWDEOHXQGHUFRQGLWLRQV ? ? ?
LQZKLFKQRH[WUDVXEXQLWVDUHSUHVHQWDVin vitroDQG\HWXQGHUJRIUHTXHQWVXEXQLWH[FKDQJHLQ ? ? ?
WKHSUHVHQFHRIH[WUDVXEXQLWVDV in vivoGXH WRVXEXQLWFRPSHWLWLRQ $EHUJHWDO:H ? ? ?
WKLQN WKDW DFWLYH V\QWKHVLVPD\ HQKDQFH H[FKDQJH ZLWK WKHGLIIXVLQJSRRO FRQVLVWHQWZLWKRXU ? ? ?
UHVXOWVXVLQJ+8 ? ? ?
 ? ? ?
)UHTXHQWH[FKDQJHRI'1$SRO\PHUDVHVLQWKHSUHVHQFHRIH[WUDVXEXQLWVKDVEHHQREVHUYHGLQ ? ? ?
WKHUHSOLVRPHVRIEDFWHULRSKDJHV7DQG7in vitro <DQJHWDO-RKQVRQHWDO,Q ? ? ?
7 WKLV RFFXUV WKURXJK D PHFKDQLVP LQ ZKLFK H[WUD '1$ SRO\PHUDVHV DVVRFLDWH ZLWK WKH ? ? ?
EDFWHULRSKDJH '1$ KHOLFDVH DQG H[FKDQJH ZLWK WKH DFWLYH '1$ SRO\PHUDVH WKURXJK ? ? ?
FRPSHWLWLRQIRU'1$ELQGLQJ*HHUWVHPDHWDO/RSDURHWDO,WZLOOEHLQWHUHVWLQJ ? ? ?
LQ WKH IXWXUH WR GHWHUPLQH WKH PHFKDQLVPV WKDW H[LVW LQE. coli WR HQVXUH HIILFLHQW FDSWXUH DQG ? ? ?
H[FKDQJHRIWKHORZDEXQGDQFH3RO,,,VXEDVVHPEO\ ? ? ?
 ? ? ?
'1$V\QWKHVLVRIERWKOHDGLQJDQGODJJLQJVWUDQGVLVGLVFRQWLQXRXVLQE. coli ? ? ?
2QH SUHGLFWHG FRQVHTXHQFH RI WKH 3RO ,,, VXEDVVHPEO\ H[FKDQJLQJ DV D VLQJOH XQLW LV WKDW ? ? ?
V\QWKHVLV RI ERWK OHDGLQJ DQG ODJJLQJ VWUDQGV ZLOO EH IUHTXHQWO\ LQWHUUXSWHG UHVXOWLQJ LQ ? ? ?
GLVFRQWLQXLWLHVRQERWKVWUDQGV7KLVFRQWUDVWVWKHZLGHO\DFFHSWHGVHPLGLVFRQWLQXRXVPRGHORI ? ? ?
'1$UHSOLFDWLRQ+RZHYHUZKLOHWKLVPRGHOLVVWURQJO\VXSSRUWHGE\in vitroH[SHULPHQWV:X ? ? ?
HWDO WKHPHFKDQLVP WKDWRSHUDWHV in vivo KDV ORQJEHHQXQFOHDU <HHOHV:DQJ ? ? ?
 2ND]DNL DQG FROOHDJXHV¶ RULJLQDO FKDUDFWHUL]DWLRQ RI UHSOLFDWLRQ LQWHUPHGLDWHV ? ? ?
GHPRQVWUDWHG WKDW DOO '1$ LV LQLWLDOO\ V\QWKHVL]HG DV VKRUW IUDJPHQWV VXSSRUWLQJ IXOO\ ? ? ?
GLVFRQWLQXRXV '1$ UHSOLFDWLRQ 2ND]DNL HW DO  0RUH UHFHQW in vivo H[SHULPHQWV ? ? ?
SHUIRUPHG LQ WKH DEVHQFHRI'1$ OLJDVH VXSSRUW WKH LGHD WKDWGLVFRQWLQXLWLHV DUHSURGXFHGRQ ? ? ?
ERWK OHDGLQJ DQG ODJJLQJ VWUDQGV GXULQJ '1$ UHSOLFDWLRQ LQ E. coli $PDGR DQG .X]PLQRY ? ? ?
 $PDGR DQG .X]PLQRY  2XU GDWD SURYLGH D PHFKDQLVWLF H[SODQDWLRQ IRU WKHVH ? ? ?
REVHUYDWLRQVDQGVXSSRUWVDGLVFRQWLQXRXVPRGHORI'1$V\QWKHVLVLQE. coli ? ? ?
 ? ? ?
 ? ? ?
0HWKRGV ? ? ?
 ? ? ?
6WUDLQVDQGJURZWKFRQGLWLRQV ? ? ?
$OOVWUDLQVXVHGDUHGHULYDWLYHVRI$%&HOOVZHUHURXWLQHO\JURZQLQ/%RULQ0PLQLPDO ? ? ?
PHGLD0ZDVVXSSOHPHQWHGZLWKJO\FHUROILQDOFRQFHQWUDWLRQJPORIDPLQRDFLGV ? ? ?
WKUHRQLQH OHXFLQH SUROLQH KLVWLGLQH DQG DUJLQLQH DQG WKLDPLQH JPO :KHQ UHTXLUHG ? ? ?
DQWLELRWLFV ZHUH DGGHG DW WKH IROORZLQJ FRQFHQWUDWLRQV DPSLFLOOLQ JPO NDQDP\FLQ ? ? ?
JPOFKORUDPSKHQLFRO JPOFHSKDOH[LQ JPO ULIDPSLFLQ 5LI JPODQG ? ? ?
K\GUR[\XUHD +8  P0 )RU PLFURVFRS\ FHOOV ZHUH VSRWWHG RQ D  DJDURVH SDG LQ ? ? ?
0*O\FHURO '$3, ZDV XVHG DW D ZRUNLQJ FRQFHQWUDWLRQ RI Q0 DV UHFRPPHQGHG E\ ? ? ?
PDQXIDFWXUHU(WKDQRO IL[DWLRQZDVGRQHXVLQJHWKDQRO LQZDWHU IROORZHGE\ WZRZDVKHV ? ? ?
ZLWK3%6)RU7HW5<3HW VWUDLQ IL[DWLRQZDVGRQHXVLQJIRUPDOGHK\GHDQG LQFXEDWLQJ ? ? ?
PLQXWHVDWURRPWHPSHUDWXUHPLQXWHVRQLFHIROORZHGE\ZDVKHVZLWK3%6 ? ? ?
 ? ? ?
&KURPRVRPDO UHSODFHPHQW RI UHSOLVRPHJHQHVE\ IOXRUHVFHQW GHULYDWLYHVZDVGRQHE\ ODPEGD ? ? ?
UHG5H\HV/DPRWKH HW DO  'DWVHQNR DQG :DQQHU  ,Q VKRUW ZH XVHG SODVPLGV ? ? ?
FDUU\LQJDFRS\RIypet5H\HV/DPRWKHHWDO1JX\HQRUmMaple0F(YR\HWDO ? ? ?
 IROORZHG RU SUHFHGHG E\ D NDQDP\FLQ UHVLVWDQFH FDVVHWWH IODQNHG E\ frt VLWHV DV 3&5 ? ? ?
WHPSODWHV )OH[LEOH SHSWLGHV ZLWK VHTXHQFHV 6$*6$$*6*() <3HW &WHU IXVLRQV ? ? ?
6$*6$$*6*$9 P0DSOH &WHU IXVLRQV RU 6$*6$$*6*6$ <3HW DQG P0DSOH 1WHU ? ? ?
IXVLRQV ZHUH XVHG DV D OLQNHU EHWZHHQ WKH IOXRUHVFHQW SURWHLQ )3 DQG WKH SURWHLQ WDUJHWHG ? ? ?
3ULPHUV FDUU\LQJ QW WDLOV ZLWK LGHQWLFDO VHTXHQFH WR WKH FKURPRVRPDO ORFXV IRU LQVHUWLRQ ? ? ?
ZHUHXVHG WRDPSOLI\ WKH linker-FP-kanR RUkanR-FP-linker LQ WKHFDVHRI1WHUPLQDO IXVLRQV ? ? ?
IURP WHPSODWHSODVPLGV7KH UHVXOWLQJ3&5SURGXFWZDV WUDQVIRUPHGE\HOHFWURSRUDWLRQ LQWRD ? ? ?
VWUDLQFDUU\LQJWKHODPEGDUHGH[SUHVVLQJSODVPLGS.'&RORQLHVZHUHVHOHFWHGE\NDQDP\FLQ ? ? ?
UHVLVWDQFH DQG DPSLFLOOLQ VHQVLWLYLW\ VFUHHQHG E\ 3&5 XVLQJ SULPHUV DQQHDOLQJ WR UHJLRQV ? ? ?
IODQNLQJWKHLQVHUWLRQDQGVHTXHQFHG,QWKHFDVHRI1WHUPLQDOIXVLRQVLQRUGHUWRPLQLPL]HWKH ? ? ?
HIIHFWRIWKHLQVHUWLRQRQWKHH[SUHVVLRQOHYHOVRIWKHJHQHZHUHPRYHGWKHNDQDP\FLQFDVVHWWHE\ ? ? ?
H[SUHVVLQJ WKH )OS UHFRPELQDVH IURP SODVPLG S&3'DWVHQNR DQG :DQQHU  *HQH ? ? ?
IXVLRQVGLGQRWKDYHDQ\DSSDUHQWGHWULPHQWDOHIIHFWRQFHOOJURZWK)LJXUHILJXUHVXSSOHPHQW ? ? ?
 ? ? ?
 ? ? ?
/DF,P0DSOHZDVJHQHUDWHGWKURXJKODPEGDUHGXVLQJWKHVWUDLQ0*7KHJHQHIXVLRQZDV ? ? ?
WKHQWUDQVGXFHGXVLQJ3SKDJHLQWRDQ$%GHULYDWLYHFDUU\LQJDlacODUUD\UHSODFLQJ ? ? ?
WKHpheA JHQHFKURPRVRPDOSRVLWLRQNE:DQJHWDO6LPLODUO\D7HW5<3HWIXVLRQ ? ? ?
H[SUHVVHG IURP D ODF SURPRWHU 5H\HV/DPRWKH HW DO  ZDV WUDQVGXFHG LQWR D VWUDLQ ? ? ?
FDUU\LQJDtetO RSHUDWRUDUUD\DW5FKURPRVRPDOSRVLWLRQNE:DQJHWDO ? ? ?
 ? ? ?
)OXRUHVFHQFH5HFRYHU\DIWHU3KRWREOHDFKLQJ)5$3 ? ? ?
&HOOVZHUHJURZQLQ0*O\FHURODWR&WUHDWHGZLWKFHSKDOH[LQIRUKKDUYHVWHGDWHDUO\ORJ ? ? ?
SKDVH 2'  FRQFHQWUDWHG DQG VSRWWHG RQWR D SDG RI  DJDURVH LQ 0*O\FHURO ? ? ? FRQWDLQHGLQDJHQHIUDPH7KHUPR6FLHQWLILF707UHDWPHQWZLWKK\GUR[\XUHDZDVGRQHRQWKH ? ? ?
DJDURVHSDGE\PL[LQJ+8ZLWKPHGLDDQGDJDURVH&HOOVZHUH LQFXEDWHGRQ WKHVOLGHV IRU ? ? ?
PLQXWHVEHIRUHLPDJLQJ ? ? ?
 ? ? ?
0RVW )5$3 H[SHULPHQWV H[FHSW IRU WKH 7HW5<3HW FRQWURO ZHUH SHUIRUPHG XVLQJ D VSLQQLQJ ? ? ?
GLVNLPDJLQJV\VWHP3HUNLQ(OPHUZLWKD[1$RLOREMHFWLYHDQGDQ,PDJ(0(0&&' ? ? ?
FDPHUD +DPDPDWVX 3KRWRQLFV ,PDJHV ZHUH DFTXLUHG XVLQJ 9RORFLW\ LPDJLQJ VRIWZDUH $Q ? ? ?
LPDJHZDVDFTXLUHG LQ WKHEULJKWILHOGFKDQQHODW WKHEHJLQQLQJRI WKHH[SHULPHQW WRVHUYHDVD ? ? ?
UHIHUHQFH)5$3ZDVSHUIRUPHGE\SXOVHEOHDFKLQJXVLQJDQPODVHUIRUPVDQG ? ? ?
 ODVHU LQWHQVLW\ UDGLXV RI WKH VSRW ZDV GLIIUDFWLRQ OLPLWHG DW aQP 7ZR SUHEOHDFK ? ? ?
LPDJHVZHUHFDSWXUHGWKHEOHDFKVSRWZDVFHQWHUHGRQRQHUHSOLVRPHIRFXVDQGUHFRYHU\RIWKH ? ? ?
EOHDFKHGUHJLRQZDVUHFRUGHGDWGLIIHUHQWLQWHUYDOVDIWHUEOHDFKLQJ,PDJHFDSWXUHZDVGRQHDWD ? ? ?
PVIUDPHUDWHQPODVHUIRUPRVWUHSOLVRPHFRPSRQHQWVH[FHSWIRU'QD%KHOLFDVH ? ? ?
IRUZKLFKPVFDSWXUHUDWHZDVXVHGQPODVHU)RUαετδDQGχZHXVHGLQWHUYDOV ? ? ?
EHWZHHQSLFWXUHVRIVVDQGV)RU'QD%DQGβZHXVHGLQWHUYDOVEHWZHHQSLFWXUHVRIV ? ? ?
VDQGV([SHULPHQWVZHUHGRQHDWURRPWHPSHUDWXUH ? ? ?
 ? ? ?
)5$3WRFRQWUROIRUSKRWREOLQNLQJZDVGRQHXVLQJDQHSLIOXRUHVFHQFHV\VWHP/HLFD'0LZLWK ? ? ?
D[RLOREMHFWLYH/HLFD[1$+/3/$32DQGDQL;RQ8OWUD(0&&'FDPHUD ? ? ?
$QGRU )5$3 ZDV SHUIRUPHG XVLQJ DQ L/DV XQLW 5RSHU 6FLHQWLILF XVLQJ DQ ,/( ODVHU ? ? ?
FRPELQHU$QGRUDQGDP:QPODVHU%RWKEOHDFKLQJDQGH[FLWDWLRQRI<3HWZHUHGRQH ? ? ?
XVLQJWKHQPODVHU$FTXLVLWLRQZDVGRQHXVLQJPVH[SRVXUHDWVHFRQGLQWHUYDOV ? ? ?
 ? ? ?
)5$3$QDO\VLV ? ? ?
,QLWLDOSRVLWLRQRIVSRWVZDVPDQXDOO\VHOHFWHGXVLQJWKHFRRUGLQDWHVIRUORFDOL]HGEOHDFKLQJLQ ? ? ?
WKHLPDJHUHFRUGHGE\WKHDFTXLVLWLRQVRIWZDUH7UDFNLQJZDVWKHQGRQHDXWRPDWLFDOO\XVLQJD ? ? ?
SUHYLRXVO\GHYHORSHGFXVWRPSURJUDPLQ0$7/$%0DWKZRUNV$'(06FRGH0LOOHUHWDO ? ? ?
IUHHO\DYDLODEOHDWKWWSVVRXUFHIRUJHQHWSURMHFWV\RUNELRSK\VLFV0RVWH[SHULPHQWV ? ? ?
DQDO\]HGKDGDSL[HOVL]HRIQPIRUZKLFKZHXVHGDVHDUFKZLQGRZZLWKDUDGLXVRISL[HOV ? ? ?
DQGDQLQLWLDOJXHVVIRUWKH36)RISL[HOVZKHQILWWLQJFDQGLGDWHVSRWV)RUDPLQRULW\RIWKH ? ? ?
H[SHULPHQWVZLWKSL[HOVL]HRIQPDQDO\VLVZDVGRQHXVLQJSL[HOVHDUFKZLQGRZDQGD ? ? ?
SL[HOUDGLXVIRULQLWLDOILWWLQJ ? ? ?
 ? ? ?
,QWHQVLW\ WUDFHV ZHUH ILOWHUHG WR UHWDLQ RQO\ WKRVH ZKHUH FOHDU EOHDFKLQJ ZDV REVHUYHG :H ? ? ?
UHPRYHGDQ\WUDFHZKHUHWKHLQWHQVLW\DWDQ\RIWKHSUHEOHDFKWLPHSRLQWVZDVEHORZWKHYDOXH ? ? ?
RIWKH52,LPPHGLDWHO\DIWHUEOHDFKLQJVHFRQGWLPHSRLQW,QDGGLWLRQWKHLQWHQVLW\DWWKH ? ? ?
VHFRQGWLPHSRLQWKDGWREHEHORZRIWKHPHDQSUHEOHDFKLQWHQVLW\)5$3GDWDZHUHWKHQ ? ? ?
QRUPDOL]HGE\WKHDYHUDJHLQWHQVLW\RIWKHSUHEOHDFKHGGDWDSRLQWV ? ? ?
 ? ? ?
7R HVWLPDWH WKH PD[LPXP SRVVLEOH IOXRUHVFHQFH UHFRYHU\ 0D[ UHFRYHU\ ZH XVHG WKH ? ? ?
FRUUHVSRQGLQJ EULJKWILHOG LPDJH WR GUDZ D SRO\JRQ LQ ,PDJH-6FKQHLGHU HW DO  DURXQG ? ? ?
FHOOV FRQWDLQLQJ D EOHDFKHG VSRW :H XVHG WKHVH 52,V WR REWDLQ WKH LQWHQVLWLHV DFURVV WKH ? ? ?
H[SHULPHQWLQWKHIOXRUHVFHQFHFKDQQHO0D[UHFRYHU\ZDVFDOFXODWHGE\GLYLGLQJWKHLQWHQVLW\RI ? ? ?
WKH FHOO DW VHFRQG WLPH SRLQW E\ WKH DYHUDJH LQWHQVLW\ EHIRUH EOHDFKLQJ $Q DYHUDJH 0D[ ? ? ?
UHFRYHU\YDOXHZDVREWDLQHGIURPDOOWKHEOHDFKHGFHOOVLQWKHH[SHULPHQW ? ? ?
 ? ? ?
7R FRUUHFW IRU SKRWREOHDFKLQJ GXULQJ WKH H[SHULPHQW D GLIIHUHQW VHW RI VSRWV ZDV PDQXDOO\ ? ? ?
VHOHFWHGLQFHOOVQRWH[SRVHGWRORFDOL]HGEOHDFKLQJVRWKH\FRXOGVHUYHDVDEDVHOLQHFRQWURO$Q ? ? ?
DYHUDJHEOHDFKLQJFXUYHZDVSURGXFHGXVLQJWKHLQWHQVLW\WUDFHVIURPWKHVHIOXRUHVFHQWIRFL$OO ? ? ?
GDWDXVHGWRJHQHUDWHWKHEOHDFKLQJFXUYHZHUHREWDLQHGLQWKHVDPHGD\XVLQJWKHVDPHVWUDLQ ? ? ?
H[FLWDWLRQVHWWLQJVDQGLQWHUYDOEHWZHHQSLFWXUHVDVIRUWKH)5$3H[SHULPHQW7KHDYHUDJHFXUYH ? ? ?
ZDV ILWWHG WRDQH[SRQHQWLDOGHFD\ IXQFWLRQ)5$3 LQWHQVLW\ WUDFHVZHUHFRUUHFWHGE\GLYLGLQJ ? ? ?
HDFKWLPHSRLQWE\WKHFRUUHVSRQGLQJQRUPDOL]HGYDOXHLQWKHILWWHGEOHDFKLQJFXUYH ? ? ?
 ? ? ?
'DWD IURP WKH VDPH VHW RI H[SHULPHQWV ZHUH DYHUDJHG 'DWD IURP H[SHULPHQWV SHUIRUPHG WKH ? ? ?
VDPHGD\EXWKDYLQJGLIIHUHQW LQWHUYDOVEHWZHHQSLFWXUHVZHUHFROODWHG LQWRDVLQJOH UHFRYHU\ ? ? ?
FXUYH'DWDZHUH WKHQ ILWWHGE\ DQ H[SRQHQWLDO VROXWLRQRI WKH UHDFWLRQGLIIXVLRQ HTXDWLRQ LQD ? ? ?
UHDFWLRQOLPLWHGUHJLPHHTXDWLRQXVLQJ0$7/$% ? ? ?
 ? ? ?
  ? ? ?
ZKHUHcLVWKHDV\PSWRWHIRUUHFRYHU\aWKHDPSOLWXGHRIUHFRYHU\DQGbWKHUDWHRIXQELQGLQJ ? ? ?
LHNRII%RXQGWLPHVDUHWKHUHFLSURFDORINRII ? ? ?  ? ? ?
8SSHUERXQGDU\IRUcGXULQJILWWLQJZDVVHWWRWKH0D[UHFRYHU\VHHDERYHSOXVWHQSHUFHQWRI ? ? ?
WKLVYDOXHWRDFFRXQWIRUPHDVXUHPHQWHUURU,QDGGLWLRQWR5VTXDUHGZKLFKLVQRWUHFRPPHQGHG ? ? ?
IRU QRQOLQHDU PRGHOV JRRGQHVV RI ILW ZDV DVVHVVHG XVLQJ WKH .ROPRJRURY6PLUQRY WHVW E\ ? ? ?
PHDVXULQJWKHQRUPDOLW\LQWKHGLVWULEXWLRQRIUHVLGXDOV$QGUDHHWDO6WDQGDUGHUURUVDQG ? ? ?
 FRQILGHQFH LQWHUYDOV &, RQ WKH SDUDPHWHU HVWLPDWHV ZHUH FDOFXODWHG XVLQJ WKH YDULDEOH ? ? ?
YDOXHV SUHYLRXVO\ REWDLQHG DV LQLWLDO HVWLPDWHV DQG ERRWVWUDS VDPSOLQJ ZDV SHUIRUPHG RYHU ? ? ?
 VDPSOHV 6XSSOHPHQWDU\ ILOH $ 7KH YDOXHV UHSRUWHG LQ WKH ILJXUHV DUH ZHLJKWHG ? ? ?
DYHUDJHVRIDOOWKHH[SHULPHQWVGRQHIRUWKHVDPHVXEXQLW ? ? ?
 ? ? ?
H bty c a −= −
:H H[SHFW WKDW FRORFDOL]DWLRQ RI VLVWHU UHSOLVRPH ZLOO KDYH QR HIIHFW RQ WKH UDWHV FDOFXODWHG ? ? ?
VLQFH WKH LQWHQVLW\RI HYHU\ VSRW LVQRUPDOL]HG DJDLQVW LWVHOI LQ)5$3 DQG WKH DYHUDJH UDWHRI ? ? ?
UHFRYHU\ LV WKH VDPH DW HYHU\ UHSOLVRPH 6LPLODUO\ LQ VSW3$/0 ELQGLQJ WLPH RI LQGLYLGXDO ? ? ?
PROHFXOHVVKRXOGQRWEHLQIOXHQFHGE\DQHDUE\UHSOLVRPHUHVXOWLQJRQO\DPLQLPDOLQFUHDVHLQ ? ? ?
WKHSUREDELOLW\RIUHELQGLQJWRWKHVDPHSODFH ? ? ?
 ? ? ?
VSW3$/0 ? ? ?
&HOOVZHUHKDUYHVWHGIURPHDUO\ORJSKDVHFXOWXUHVLQ0*O\FHURO2'FRQFHQWUDWHG ? ? ? DQG VSRWWHGRQWR D SDGRI  DJDURVH LQ0*O\FHURO FRQWDLQHG LQ D JHQH IUDPH &RYHUVOLSV ? ? ?
FOHDQHGZLWKYHUVDFOHDQDFHWRQHDQGPHWKDQROZHUHXVHGWRPLQLPL]HIOXRUHVFHQWEDFNJURXQG ? ? ?
7UHDWPHQW ZLWK K\GUR[\XUHD ZDV GRQH RQ WKH DJDURVH SDG E\ PL[LQJ +8 ZLWK PHGLD DQG ? ? ?
DJDURVH ? ? ?
 ? ? ?
,PDJLQJZDVSHUIRUPHGDWURRPWHPSHUDWXUHRQDQLQYHUWHG2O\PSXV,;PLFURVFRSHXVLQJD ? ? ?
[RLOREMHFWLYHOHQV2O\PSXV3ODQ$SR;1$RLORU[RLOREMHFWLYHOHQV2O\PSXV ? ? ?
3ODQ$SR;1$RLO,PDJHVZHUHFDSWXUHGXVLQJD+DPDPDWVX2UFD)ODVKV&026 ? ? ?
FDPHUD ([FLWDWLRQ ZDV GRQH IURP DQ L&KURPH 0XOWL/DVHU (QJLQH IURP 7RSWLFD 3KRWRQLFV ? ? ?
/DVHUWULJJHULQJZDVGRQHWKURXJKDUHDOWLPHFRQWUROOHU857&(2O\PSXV([SHULPHQWVZHUH ? ? ?
GRQH XVLQJ +L/R LOOXPLQDWLRQ VHWXS7RNXQDJD HW DO  IURP D VLQJOHOLQH FHOOA7,5) ? ? ?
LOOXPLQDWRU 2O\PSXV 2O\PSXV &HOO6HQV  LPDJLQJ VRIWZDUH ZDV XVHG WR FRQWURO WKH ? ? ?
PLFURVFRSHDQGODVHUV ? ? ?
 ? ? ?
)RU H[SHULPHQWV ZLWK UHSOLVRPH VXEXQLWV IXVHG WR P0DSOH D VLQJOH QP ZDYHOHQJWK ? ? ?
DFWLYDWLRQHYHQW W\SLFDOO\ODVWLQJOHVVWKDQPVZDVIROORZHGE\PXOWLSOHQPZDYHOHQJWK ? ? ?
H[FLWDWLRQHYHQWVZLWKFDPHUDFDSWXUHVRIPVVSDFHGE\VRUVLQWHUYDOVRUFDPHUDFDSWXUHV ? ? ?
RIVZLWKFRQWLQXRXVH[FLWDWLRQVUDWHVRUVLQWHUYDOV/RZOHYHOVRIH[SRVXUHWRYLROHWEOXH ? ? ?
OLJKW ZHUH XVHG WR PLQLPL]H SKRWR[LFLW\ DQG DOORZ FHOOV WR FRQWLQXH JURZLQJ GXULQJ WKH ? ? ?
H[SHULPHQWV)LJXUHILJXUHVXSSOHPHQW7RLPDJH/DF,ZHXVHGFRQWLQXRXVLOOXPLQDWLRQRI ? ? ?
QP ZDYHOHQJWK DIWHU D VLQJOH QP ZDYHOHQJWK DFWLYDWLRQ HYHQW DW FDSWXUH UDWHV DQG ? ? ?
LQWHUYDOV RI PV RU V :H DOVR XVHG V FDSWXUH ZLWK V LQWHUYDOV WR FKDUDFWHUL]H /DF, ? ? ?
EOHDFKLQJ LQ ORQJ H[SHULPHQWV 5LIDPSLFLQ H[SHULPHQWV ZHUH GRQH LQ D VLPLODU PDQQHU H[FHSW ? ? ?
5LIDPSLFLQ ZDV DGGHG WR WKH 0*O\ DJDURVH SDG DQG LPDJLQJ ZDV GRQH DIWHU D PLQXWH ? ? ?
LQFXEDWLRQ RQ WKH DJDURVH SDG  :H QRWLFHG WKDW IHZHU VSRWV ZHUH GHWHFWHG FRQVLVWHQW ZLWK ? ? ?
LQKLELWLRQRIUHSOLFDWLRQLQLWLDWLRQWKURXJK5LIDPSLFLQ ? ? ?
 ? ? ?
 ? ? ?
VSW3$/0$QDO\VLV ? ? ?
,PDJHVZHUHILUVWVHJPHQWHGLQRUGHUWRUHPRYHRXWRIFHOOQRLVHFRPLQJIURPFRQWDPLQDQWVRQ ? ? ?
WKHFRYHUVOLS%LQDU\PDVNVZHUHFUHDWHGXVLQJ,PDJH-HLWKHUIURPWKHGLIIHUHQWLDOLQWHUIHUHQFH ? ? ?
FRQWUDVW ',& FKDQQHO RU WKH JUHHQ IOXRUHVFHQW FKDQQHO RI P0DSOH )RU ',& DOLJQPHQW ZDV ? ? ?
GRQH E\ ILUVW REWDLQLQJ D PD[LPXPLQWHQVLW\ SURMHFWLRQ RI WKH 3$/0 WLPHODSVH DQG ? ? ?
VXEVHTXHQWO\DOLJQLQJLWWRWKHUHIHUHQFH',&XVLQJ,PDJH-(DFKVOLFHRIWKH3$/0WLPHODSVH ? ? ?
ZDVWKHQPXOWLSOLHGE\WKHELQDU\PDVNWRUHWDLQLQWHQVLWLHVZLWKLQFHOOVRQO\$QDYHUDJHYDOXH ? ? ?
RI WKHRXWRIFHOO EDFNJURXQGZDVDGGHG WR UHJLRQVRXWVLGHRI WKH52,V WRPLQLPL]H LQFRUUHFW ? ? ?
DVVLJQPHQWE\WKHGHWHFWLRQSURJUDPGXHWRVKDUSLQWHQVLW\LQFUHDVHV ? ? ?
 ? ? ?
3$/0WUDFNLQJZDVSHUIRUPHGXVLQJSUHYLRXVO\GHYHORSHGVRIWZDUH8SKRIIHWDOEDVHG ? ? ?
RQWKH'$267250+ROGHQHWDOORFDOL]DWLRQDOJRULWKP$QLQWHQVLW\WKUHVKROGZDVXVHG ? ? ?
WRILQGFDQGLGDWHPROHFXOHV7KHSRVLWLRQVRIWKHFDQGLGDWHPROHFXOHVZHUHWKHQXVHGDVLQLWLDO ? ? ?
JXHVVHV IRU D 'HOOLSWLFDO *DXVVLDQ ILW 7KH ILWWHG SDUDPHWHUV ZHUH [SRVLWLRQ \SRVLWLRQ [ ? ? ?
VWDQGDUG GHYLDWLRQ \VWDQGDUG GHYLDWLRQ LQWHQVLW\ EULJKWQHVV HOOLSWLFDO URWDWLRQ DQJOH DQG ? ? ?
EDFNJURXQG 7UDFNLQJ ZDV GRQH EDVHG RQ D ZLGHO\ XVHG DOJRULWKP&URFNHU DQG *ULHU  ? ? ?
/RFDOL]DWLRQVZHUHOLQNHGLIWKH\DSSHDUHGZLWKLQDQPUDGLXVEHWZHHQFRQVHFXWLYHIUDPHV ? ? ?
XVLQJDPHPRU\SDUDPHWHURIRQHIUDPHWRDFFRXQWIRUEOLQNLQJRUPLVVHGORFDOL]DWLRQVLHWKH ? ? ?
PROHFXOHFDQJRPLVVLQJIRURQHIUDPHDQGVWLOOEHOLQNHG ? ? ?
 ? ? ?
)XUWKHU UHILQHPHQW RI WKH UHFRUGHG WUDFNV ZDV GRQH WR DQDO\]H RQO\ WKRVH WKDW UHSUHVHQWHG ? ? ?
LPPRELOHVLQJOHPROHFXOHV7RUHPRYHVORZGLIIXVLQJPROHFXOHVZHSORWWHGDKLVWRJUDPRIWKH ? ? ?
36)VLQ[DQG\IRUDOOORFDOL]DWLRQVDQGSHUIRUPHGDWZRFRPSRQHQW*DXVVLDQPL[WXUHILWXVLQJ ? ? ?
0D[LPXP/LNHOLKRRG(VWLPDWLRQ7KHFRPSRQHQWZLWKWKHVPDOOHUPHDQ36)OLNHO\UHSUHVHQWV ? ? ?
ERXQG PROHFXOHV ZKHUHDV WKH RWKHU FRPSRQHQW UHSUHVHQWV XQERXQG PROHFXOHV 7KH WZR ? ? ?
FRPSRQHQW*DXVVLDQPL[WXUHPRGHOKDVWKHIROORZLQJIRUP ? ? ?
 ? ? ?
 ? ? ?
 ? ? ?  ? ? ?
:KHUH p LV WKH PL[WXUH SUREDELOLW\ı1 DQG µ1 DUH WKH VWDQGDUG GHYLDWLRQ DQG PHDQ RI QRUPDO ? ? ? GLVWULEXWLRQ UHVSHFWLYHO\/LNHZLVHı2DQGµ2DUHWKHVWDQGDUGGHYLDWLRQDQGPHDQRIQRUPDO ? ? ? GLVWULEXWLRQ UHVSHFWLYHO\)URP WKH ILWZH LGHQWLILHG WKHPHDQDQGVWDQGDUGGHYLDWLRQRI WKH ? ? ?
FRPSRQHQWUHSUHVHQWLQJERXQGPROHFXOHV:HWKHQWRRNVWDQGDUGGHYLDWLRQVDERYHWKHPHDQWR ? ? ?
REWDLQDQLQLWLDOHVWLPDWLRQRIWKHWKUHVKROG:HDVVHVVHGWKHDFFXUDF\RIWUDFNLQJE\PDQXDOO\ ? ? ?
FRPSDULQJWKHWUDFNLQJUHVXOWVIRUDVXEVHWRIIOXRUHVFHQWVSRWVZLWKWKHLUOLIHWLPHLQWKHRULJLQDO ? ? ?
LPDJHV8VLQJWKLVPHWKRGZHGHWHUPLQHGWKDWDWKUHVKROGRI[DQG\SODFHGRQWKH ? ? ?
PHDQ36)RYHU WKH WUDFNKHOSHGWRHOLPLQDWHPRVWRI WKHXQERXQGPROHFXOHVIURPVXEVHTXHQW ? ? ?
DQDO\VLV ? ? ?
 ? ? ?
,QDGGLWLRQZHYDULHGWKH WKUHVKROGRQWKHQXPEHURI ORFDOL]DWLRQVIRU WUDFNDFFHSWDQFHDFURVV ? ? ?
GLIIHUHQWWLPHLQWHUYDOVRIFDSWXUH2XUUHDVRQLQJZDVWKDWWKHSUREDELOLW\WKDWDWUDFNUHSUHVHQWV ? ? ?
D JHQXLQHO\ ERXQG PROHFXOH EHFRPHV KLJKHU DV WKH WLPH LQWHUYDO XVHG LQFUHDVHV0D]]D HW DO ? ? ?
7KHUHIRUHWKHWKUHVKROGVIRUUHPRYLQJWUDFNVZHUHDQGORFDOL]DWLRQVIRU ? ? ?
LQWHUYDOWLPHVRIVVVDQGVUHVSHFWLYHO\7KHWKUHVKROGVZHUHVHOHFWHGE\FRPSDULQJWKH ? ? ?
UDZ LPDJH E\ H\H WR WKH WUDFNV IRXQG E\ WKH WUDFNLQJ VRIWZDUH 7HFKQLFDOO\ QR WUDFNV ZHUH ? ? ?
UHPRYHG IRU V DQG V VLQFH WUDFNV ZLWK  ORFDOL]DWLRQ FDQQRW EH XVHG WR FDOFXODWH WUDFN ? ? ?
GXUDWLRQV ? ? ?
 ? ? ?
7RTXDQWLI\RQO\VLQJOHPROHFXOHWUDFNVZHSORWWHGDKLVWRJUDPRIWKHPHDQLQWHQVLW\RIDWUDFN ? ? ?
DQGILWXVLQJD*DXVVLDQ0L[WXUH0RGHO*00XWLOL]LQJWKH([SHFWDWLRQ0D[LPL]DWLRQ(0 ? ? ?
DOJRULWKP 7KH LQWHQVLW\ YDOXHV ZHUH FOXVWHUHG EDVHG RQ PHPEHUVKLS SUREDELOLWLHV LH WKH ? ? ?
SUREDELOLW\RIEHORQJLQJWRDSDUWLFXODU*DXVVLDQFRPSRQHQW:HXVHGDFRPSRQHQW*00ILW ? ? ?
IRUPRVWFDVHVDQGLVRODWHGWKHFOXVWHUKDYLQJWKHORZHVWPHDQDVWKHLQWHQVLW\YDOXHVIURPWKLV ? ? ?
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FOXVWHUOLNHO\UHSUHVHQWVLQJOHPROHFXOHV:HXVHGDFRPSRQHQW*00ILWLQVRPHFDVHVZKHUH ? ? ?
D VLJQLILFDQW SRUWLRQ RI WKH PROHFXOHV VHHPHG RXW RI IRFXV UHVXOWLQJ LQ D VKDUS VSLNH RI ORZ ? ? ?
LQWHQVLW\YDOXHVLQWKHKLVWRJUDP,QVXFKFDVHVZHLVRODWHGWKHFOXVWHUZLWKWKHVHFRQGORZHVW ? ? ?
PHDQ7KLVZDVHVSHFLDOO\LPSRUWDQWZKHQVWXG\LQJSURWHLQVZLWKORQJERXQGWLPHVZKHUHWUDFN ? ? ?
IUDJPHQWDWLRQ KDV D JUHDWHU UHODWLYH HIIHFW LQ XQGHUHVWLPDWLQJ WKH UHDO WUDFN GXUDWLRQ :H DOVR ? ? ?
SHUIRUPHGD%D\HVLDQ,QIRUPDWLRQ&ULWHULRQ%,&WHVWWRFRQILUPWKDWWKHFRPSRQHQW*00ILW ? ? ?
EHWWHUWKDQWKHFRPSRQHQWPRGHO:HXVHGRQO\WUDFNGXUDWLRQVZLWKVLQJOHPROHFXOHLQWHQVLW\ ? ? ?
YDOXHVIRUVXEVHTXHQWDQDO\VLV ? ? ?
 ? ? ?
7RDYRLGWUDFNIUDJPHQWDWLRQLQWKHDQDO\VLVRISURWHLQVZLWKORQJERXQGWLPHVDV LQ/DF,DQG ? ? ?
'QD%FDXVHGE\ IOXFWXDWLRQV LQ LQWHQVLW\RU WKHPROHFXOHPRYLQJ WUDQVLHQWO\RXWRIIRFXVZH ? ? ?
GHWHUPLQHGWKHW\SLFDOOHQJWKRIWLPHWKDWWKHORFDOL]DWLRQVRIWZDUHPLVVHVVSRWGHWHFWLRQGXULQJ ? ? ?
ORQJ WUDFNVJDS WLPH:HGLG WKLVE\PDQXDOO\FRPSDULQJ WKHRXWFRPHRI WKHDQDO\VLV WR WKH ? ? ?
OLIHWLPHRIDVXEVHWRIVSRWV LQWKHRULJLQDO LPDJHV:HIRXQGWKDWRQDYHUDJH WKHJDSZDVa ? ? ?
IUDPHV7KHUHIRUHZHOLQNHGWUDFNVEDVHGRQWKHFULWHULDWKDWWKHLUPHDQSRVLWLRQVZHUHQP ? ? ?
DSDUWDQGJDSWLPHEHWZHHQWKHPZDV IUDPHV)RUWKHVHGDWDVHWVZHSHUIRUPHGWKH*00 ? ? ?
ILWIRULVRODWLRQRIVLQJOHPROHFXOHWUDFNVDIWHUWUDFNOLQNDJH ? ? ?
 ? ? ?
7KH WUDFN GXUDWLRQV RI PXOWLSOH VDPSOHV WDNHQ RQ WKH VDPH GD\ DQG WLPHLQWHUYDO ZHUH ? ? ?
DPDOJDPDWHG LQWR RQH GDWD VHW ,Q RUGHU WR JHW WKH DYHUDJH WUDFN GXUDWLRQ ZH ILWWHG WKH WUDFN ? ? ?
GXUDWLRQVXVLQJ0/(7KHUHDVRQIRURXUFKRLFHRI0/(RYHU WKHPRUHFRPPRQO\XVHG/HDVW ? ? ?
6TXDUHV(VWLPDWLRQ/6(PHWKRGLVWKDWLWLVLQYDULDQWWRWKHELQVL]HLHWKHSDUDPHWHUHVWLPDWH ? ? ?
LV WKH VDPH UHJDUGOHVV RI KRZ ZH ELQ WKH GDWD DQG LW DOORZV XV WR LQIHU ZKDW WKH SRSXODWLRQ ? ? ?
SDUDPHWHU LV (VVHQWLDOO\ ZH XVH LQIRUPDWLRQ IURP RXU VDPSOH GDWD WUDFN GXUDWLRQ WLPHV DQG ? ? ?
WUDFNDFFHSWDQFHWKUHVKROGDVLQSXWLQWR0/(LQRUGHUWRILQGWKHSRSXODWLRQSUREDELOLW\GHQVLW\ ? ? ?
IXQFWLRQ3')WKDWPDNHVRXUGDWDWKHPRVWOLNHO\7KHILWWHGOLQHVUHSUHVHQWWKLV3')0\XQJ ? ? ?
:RRG\HWDO ? ? ?
 ? ? ?
+LVWRJUDPVZHUHELQQHGEDVHGRQWKHVTXDUHURRWUXOHZKHUHWKHQXPEHURIELQVLVHTXDOWRWKH ? ? ?
VTXDUHURRWRIWKHVDPSOHVL]H :HELQQHGRXUGDWDIRUSUHVHQWDWLRQSXUSRVHVRQO\LQRUGHUWR ? ? ?
UHGXFHQRLVHDVVRFLDWHGZLWKDILQLWHVDPSOHVL]HDQGUHYHDORXUVDPSOHGLVWULEXWLRQPRUHFOHDUO\ ? ? ?
 ? ? ?
7KH3')RIWKHWUDFNGXUDWLRQVLVUHODWHGWREOHDFKLQJDQGXQELQGLQJDVIROORZV ? ? ?
 ? ? ?
 ? ? ?
 ? ? ?
 ? ? ?
:KHUHktrackLVWKHUDWHRIWUDFNGXUDWLRQVHQGLQJkoffLVWKHUDWHRIXQELQGLQJDQGkbleachLVWKHUDWH ? ? ? RIEOHDFKLQJ7KHPRGHO3')ZHXVHG IRU ILWWLQJZDVD OHIWWUXQFDWHGH[SRQHQWLDOGLVWULEXWLRQ ? ? ?
7KLVZDVXVHGWRFRPSHQVDWHIRU WKHIDFW WKDWZHUHPRYHGVKRUWGXUDWLRQ WUDFNVIURPDQDO\VLV ? ? ?
7KHJHQHUDOIRUPRIWKLV3')LV ? ? ?
 ? ? ?
 ? ? ?
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 ? ? ?
 ? ? ?
ZKHUH Ĳ LV WKH PHDQ WLPH DQG L LV WKH WUXQFDWLRQ SRLQWRULJLQ RI H[SRQHQWLDO ? ? ?
GLVWULEXWLRQ%DODNULVKQDQDQG%DVX1RWHWKDWWKHHTXDWLRQKDVWKHVDPHIRUPDVH[SHFWHG ? ? ?
IRUDWUDQVODWHGH[SRQHQWLDOGLVWULEXWLRQDQGVRZHXVHGWKLVIRUPIRUDOOGDWDVHWV ? ? ?
 ? ? ?
7RFRUUHFW IRUSKRWREOHDFKLQJZHXVHG/DF, WDJJHGZLWKP0DSOH/DF, LV H[SHFWHG WRKDYHD ? ? ?
ELQGLQJ WLPH VLJQLILFDQWO\ ORQJHU WKDQ WKH EOHDFKLQJ WLPH RI P0DSOH LQ RXU H[SHULPHQWDO ? ? ?
FRQGLWLRQV+DPPDUHWDO7KHUHIRUHVLQFH WKHNRII WHUPLVPXFKVPDOOHU WKDQ WKHNEOHDFK ? ? ? WHUPWKHDYHUDJHWUDFNGXUDWLRQLVHTXLYDOHQWWRWKHDYHUDJHEOHDFKWLPHIRUP0DSOH1RWHWKDW ? ? ?
SUHYLRXVHVWLPDWHVRI/DF,ERXQGWLPHDWWKHlacO RSHUDWRUZHUHGHWHUPLQHGXVLQJDVLQJOHFRS\ ? ? ?
RIWKHRSHUDWRUZKLOHZHXVHGDQDUUD\FRPSRVHGRIFRSLHVRI lacO7KLVVKRXOGUHVXOW LQ ? ? ?
HYHQ ORQJHU DSSDUHQW ELQGLQJ RI WKH UHSUHVVRU SURWHLQ DQG LQFUHDVH WKH OLNHOLKRRG WKDW IRFXV ? ? ?
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ZKLFKZHXVHGIRUWKHVDQGVLQWHUYDOVPVH[SRVXUHGDWD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WLPHIURPWKHFRQVWDQWH[SRVXUHEOHDFKLQJGDWDLQRUGHUWRXVHLWIRUGLIIHUHQWWLPHLQWHUYDOV7KH ? ? ?
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 ? ? ?
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 ? ? ?
 ? ? ?
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XVLQJPVFDSWXUHWLPHV:HDQDO\VHGWKHGDWDDVSUHYLRXVO\H[FHSWWKDWZHGLGQRWDSSO\WKH ? ? ?
RQHIUDPH PHPRU\ SDUDPHWHU GXULQJ WUDFNLQJ :H WKHQ GHWHUPLQHG WKH QXPEHU RI IUDPHV ? ? ?
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EHLQJGHWHFWHGHYHQDIWHU WKH36) WKUHVKROGZDVDSSOLHG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XVHGH[SRVXUHWLPHVRIVDQGVSDFHGFDSWXUHE\LQWHUYDOVRIVHFRQGVDQGVHFRQGV:HXVHG ? ? ?
3RO,,,εVXEXQLWDVDFRQWURO WRHQVXUHWKDW LQFUHDVLQJWKHH[SRVXUHWLPHGRHVQRWVLJQLILFDQWO\ ? ? ?
DOWHUWKHERXQGWLPHHVWLPDWHV)LJXUHILJXUHVXSSOHPHQW ? ? ?
 ? ? ?
6LQFH WKH WUDFN GXUDWLRQV RI 'QD% DUH VLPLODU WR WKRVH RI /DF, ZH GHWHUPLQHG D ZHLJKWHG ? ? ?
DYHUDJH RI WKH WUDFN GXUDWLRQ WLPHV REWDLQHG DQG IRU HDFK GDWD VHW RI 'QD% SHUIRUPHG D ? ? ?
FRQVWUDLQHG ILW LH ILWWLQJ ZLWK ERXQGV SODFHG RQ WKH HVWLPDWHV :H FDOFXODWHG D ERXQG WLPH ? ? ?
IURPWKHZHLJKWHGDYHUDJHLQRUGHUWRJHQHUDWHDQLQLWLDOHVWLPDWHRIWKHERXQGWLPHZKLFKZDV ? ? ?
WKHQXVHGIRUWKHFRQVWUDLQHGILW:HDOORZHGIRUYDULDWLRQLQWKHEOHDFKLQJWLPHLQRUGHUWR ? ? ?
GHWHUPLQH SK\VLFDOO\ UHDVRQDEOH HVWLPDWHV 7KH ORZHU DQG XSSHU ERXQGV IRU WKH 'QD% ERXQG ? ? ?
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VLJQLILFDQWO\ILWVWKHGDWDEHWWHUWKDQWKHFRQVWUDLQHGPRGHOE\FRPSDULQJWKHOLNHOLKRRGYDOXHV ? ? ?
REWDLQHGIURPWKHXQFRQVWUDLQHGYHUVXVWKHFRQVWUDLQHG,QRXUFDVHWKHXQFRQVWUDLQHGPRGHOLV ? ? ?
WKHWZRH[SRQHQWLDOPRGHOZKLOHWKHRQHH[SRQHQWLDOPRGHOLVWKHFRQVWUDLQHGPRGHODVVKRZQ ? ? ?
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ZKHUHĲ 7EOHDFK7ERXQGĮ7EOHDFK7ERXQGĮĲ 7EOHDFK7ERXQGȕ7EOHDFK7ERXQGȕSLVWKHPL[WXUH ? ? ? SUREDELOLW\DQG/LVWKHWUXQFDWLRQSRLQW ? ? ?  ? ? ?
1RWHWKDWLIZHFRQVWUDLQS ZHUHFRYHUWKHVLQJOHH[SRQHQWLDOPRGHO ? ? ?
 ? ? ?
%D\HVLDQ,QIRUPDWLRQ&ULWHULRQ%,&WHVW7KH%,&WHVWGHWHUPLQHVZKLFKPRGHOILWVWKHGDWD ? ? ?
EHWWHUEXWSHQDOL]HVIRUJUHDWHUFRPSOH[LW\LHPRUHSDUDPHWHUVWRSUHYHQWRYHUILWWLQJWKH ? ? ?
GDWD7KHORZHVWQXPEHUREWDLQHGWKURXJKWKHWHVWLQGLFDWHVWKHPRGHOWKDWILWVWKHGDWDWKHEHVW ? ? ?
ZLWKWKHOHDVWFRPSOH[LW\ ? ? ?
 ? ? ?
:KHQFDOFXODWLQJWKH0/(HVWLPDWHVDQGORJOLNHOLKRRGYDOXHVIRUWKHWZRH[SRQHQWLDOPRGHO ? ? ?
WKHORZHUDQGXSSHUERXQGVIRUWKHWZRWLPHVFDOHVZHUHDQGVHFRQGVUHVSHFWLYHO\7KH ? ? ?
ERXQGVIRUWKHEOHDFKLQJFRQVWDQWZHUHSODFHGVXFKWKDWLWDOORZHGIRUYDULDWLRQLQWKH ? ? ?
HVWLPDWH ? ? ?
 ? ? ?
7KHFULWHULRQZHXVHGWRMXGJHLIWKHWZRH[SRQHQWLDOPRGHOZDVWKHEHWWHUPRGHOZDVLIWKH%,& ? ? ?
WHVWJDYHWKHORZHVWYDOXHIRUWKHWZRH[SRQHQWLDOPRGHODQGWKH//5WHVWJDYHDS$OVR ? ? ?
WKHHVWLPDWHVREWDLQHGIURPWKHWZRH[SRQHQWLDOVKRXOGEHVHQVLEOHDQGHVSHFLDOO\WKH\VKRXOG ? ? ?
QRWJLYHXVVLPSO\WKHYDOXHVRIWKHERXQGVDVWKDWLQGLFDWHVWKDWQRHVWLPDWHVZHUHIRXQG ? ? ?
 ? ? ?
:HIRXQGDIHZFDVHVZKHUHWKHGDWDVHWSDVVHGWKHFULWHULRQ7KHWLPHVFDOHVHVWLPDWHGZHUHQRW ? ? ?
FRQVLVWHQWKRZHYHUDQGXSRQIXUWKHUH[DPLQDWLRQZHUHDOL]HGWKDWLWZDVGXHWRDIHZQRWLFHDEOH ? ? ?
RXWOLHUVLQWKHGDWDVHWSRVVLEO\IURPQRLVHGXHWRGLUWVWLOORQWKHFRYHUVOLS:KHQZHUHPRYHG ? ? ?
WKHRXWOLHUVLWUHVXOWHGLQWKHVHGDWDVHWVQRWSDVVLQJWKHFULWHULRQEXWZLWKRXWVLJQLILFDQWO\ ? ? ?
FKDQJLQJWKHERXQGWLPHVSUHYLRXVO\REWDLQHGLQWKHVLQJOHH[SRQHQWLDOILWV ? ? ?
 ? ? ?
 ? ? ?
%OLQNLQJ$QDO\VLVRIP0DSOHIRUVSW3$/0 ? ? ?
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WR ? ? ?
FKDUDFWHUL]H P0DSOH XQGHU RXU DFTXLVLWLRQ VHWWLQJV 7KH PHDQ SRVLWLRQV RI VLQJOHPROHFXOH ? ? ?
WUDFNV LQLWLDWLQJ DW WKH ILUVW IUDPH ZHUH XVHG DV 52,V DURXQG ZKLFK D [ SL[HO ZLQGRZ ZDV ? ? ?
GUDZQ WR H[WUDFW LQWHQVLW\WLPH WUDFHV )OXRUHVFHQFH IURP D ERXQG PROHFXOH ZDV LGHQWLILHG DV ? ? ?
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 WKH &DQDGLDQ ,QVWLWXWHV IRU +HDOWK ? ? ?
5HVHDUFK&,+5023WKH&DQDGD)RXQGDWLRQIRU,QQRYDWLRQ&),DQGWKH ? ? ?
&DQDGD5HVHDUFK&KDLUVSURJUDP ? ? ?
 ? ? ?
 ? ? ?
&RPSHWLQJLQWHUHVWV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WLPHIRU'QD%(UURUEDUVUHSUHVHQW6( ? ? ?
 ? ? ?
)LJXUH ILJXUH VXSSOHPHQW  $UWLILFLDO HORQJDWLRQ RI FHOOV E\ FHSKDOH[LQ WUHDWPHQW GRHV ? ? ?
QRWLQWHUIHUHZLWK'1$UHSOLFDWLRQRUSURWHLQH[SUHVVLRQ ? ? ?
$5HSUHVHQWDWLYHLPDJHVRIQRQWUHDWHG0*O\RUFHOOVWUHDWHGZLWKJPORIFHSKDOH[LQ ? ? ?
0 *O\  &HSKDOH[LQ DUH VKRZQ 7KH SRVLWLRQ RI WKH ori1 ORFXV PDSSHG DW NE LQ WKH ? ? ?
FKURPRVRPH ODEHOOHG E\ 7HW5P&HUXOHDQ ERXQG WR D tetO DUUD\ LV VKRZQ LQ UHG ZKLOH WKH ? ? ?
SRVLWLRQRIWKHUHSOLVRPHFRPSRQHQW66%ODEHOOHGZLWK<3HWLVVKRZQLQJUHHQ7RSSDQHOVGR ? ? ?
QRWVKRZWKHSKDVHFRQWUDVW6FDOHEDUUHSUHVHQWV2µP$WDEOHVXPPDUL]HVDQDO\VLVRIWKLVGDWD ? ? ?
VKRZLQJWKHQXPEHURIori1DQG66%IRFLSHUFHOODQGWKHUDWLREHWZHHQWKHP ? ? ?
%'LVWULEXWLRQRIWKHWRWDOLQWHQVLW\RI'$3,VLJQDODJDLQVWFHOOOHQJWKLQFHOOVXQWUHDWHGEOXH ? ? ?
GRWVDQG WUHDWHGZLWKFHSKDOH[LQ IRURQHKRXU UHGGRWV(WKDQRO IL[DWLRQZDVXVHG WRHQVXUH ? ? ?
KRPRJHQRXVSHUPHDELOLW\WRWKHG\H)LWWLQJWRDOLQHDUPRGHOLVVKRZQLQWKHUHVSHFWLYHFRORXUV ? ? ?
7KHLQVHWVKRZVWKHGLVWULEXWLRQRIPHDQLQWHQVLWLHVSHUSL[HOIRUERWKFRQGLWLRQV ? ? ?
&'LVWULEXWLRQRIWKHWRWDOLQWHQVLW\RIε<3HWVLJQDODJDLQVWFHOOOHQJWKLQFHOOVXQWUHDWHGEOXH ? ? ?
GRWVDQGWUHDWHGZLWKFHSKDOH[LQIRURQHKRXUUHGGRWV)LWWLQJWRDOLQHDUPRGHOLVVKRZQLQ ? ? ?
WKH UHVSHFWLYH FRORXUV 7KH LQVHW VKRZV WKH GLVWULEXWLRQ RI PHDQ LQWHQVLWLHV SHU SL[HO IRU ERWK ? ? ?
FRQGLWLRQV ? ? ?
 ? ? ?
)LJXUHILJXUHVXSSOHPHQW0LQLPDOFRQWULEXWLRQRI<3HWSKRWREOLQNLQJGXULQJ)5$3 ? ? ?
$5HSUHVHQWDWLYHIOXRUHVFHQFH LPDJHVRIDFHOOFDUU\LQJD tetO RSHUDWRUDUUD\DQGH[SUHVVLQJ ? ? ?
7HW5<3HW&HOOVZHUHIL[HGZLWKIRUPDOGHK\GHWRDYRLGSURWHLQH[FKDQJH&HOOERXQGDULHVDUH ? ? ?
UHSUHVHQWHGZLWKDZKLWHOLQH7KHSRLQWRIORFDOL]HGEOHDFKLQJLVVKRZQZLWKDUHGFLUFOH ? ? ?
% $YHUDJH GLVWULEXWLRQ RI IOXRUHVFHQFH UHFRYHU\ DIWHU SKRWREOHDFKLQJ RI  FHOOV 1RWH WKDW ? ? ?
LQWHQVLW\ LQFUHDVH DIWHU EOHDFKLQJ LV PLQLPDO  RI WKH WRWDO LQWHQVLW\ FRQVLVWHQW ZLWK ? ? ?
VWRFKDVWLFIOXFWXDWLRQVDQGH[SHULPHQWDOPHDVXUHPHQWHUURU(UURUEDUVUHSUHVHQW6( ? ? ?
 ? ? ?
)LJXUH ILJXUH VXSSOHPHQW  *URZWK UDWH DQG UHSOLFDWLRQ WLPH RI E. coli LQ RXU ? ? ?
H[SHULPHQWDOFRQGLWLRQV ? ? ?
$*URZWKFXUYHRI$%LQ0*O\FHURODWR&LVVKRZQ6DPSOHVZHUHWDNHQHYHU\KRXU ? ? ?
IRUKRXUV ? ? ?
% 'LVWULEXWLRQ RI WKH QXPEHU RI VSRWV SHU FHOO RI D VWUDLQ FDUU\LQJ ε<3HW JURZQ LQ 0 ? ? ?
*O\FHURODWR&1 FHOOV:HHVWLPDWHG WKHUHSOLFDWLRQ WLPHE\WDNLQJLQWRDFFRXQW WKH ? ? ?
JHQHUDWLRQ WLPHDQG WKHQXPEHURIFHOOVZLWKVSRWV:HPDGH WKHDVVXPSWLRQ WKDW LQLWLDWLRQRI ? ? ?
'1$ UHSOLFDWLRQ RFFXUV DW FHOO ELUWK WR DFFRXQW IRU WKH XQHYHQGLVWULEXWLRQ RI FHOO DJHV LQ WKH ? ? ?
SRSXODWLRQ ? ? ?
&5HSUHVHQWDWLYHLPDJHVREWDLQHGIURPDWLPHODSVHH[SHULPHQWRIDVWUDLQFDUU\LQJ66%<3HW ? ? ?
JURZQRQDDJDURVHSDGLQ0*O\FHURODWR&3LFWXUHVZHUHWDNHQDWPLQXWHLQWHUYDOV ? ? ?
5HSOLFDWLRQWLPHZDVGHWHUPLQHGIURPWKHWLPHSRLQWRIILUVWDSSHDUDQFHRI66%<3HWVSRWWRLWV ? ? ?
VXEVHTXHQW GLVDSSHDUDQFH 1  FHOOV 7KH DYHUDJH RI WKH WZR PHWKRGV  PLQXWHV LV ? ? ?
UHSRUWHGLQWKHPDLQWH[W ? ? ?
 ? ? ?
)LJXUH([FKDQJHRI3RO,,,VXEDVVHPEO\DQG'QD%RFFXURQGLIIHUHQWWLPHVFDOHV ? ? ?
$'LDJUDPLOOXVWUDWLQJWKHVSW3$/0H[SHULPHQWDOGHVLJQXVHGWRPHDVXUHERXQGWLPHV ? ? ?
%5HSUHVHQWDWLYHH[DPSOHRIWKHIRFXVOLIHVSDQIRUWKH3RO,,,εVXEXQLW ? ? ?
&5HSUHVHQWDWLYHH[DPSOHVRIWKHGLVWULEXWLRQRIIOXRUHVFHQWIRFLOLIHVSDQVEOXHEDUVIRU3RO ? ? ?
,,, ε VXEXQLW DQG 'QD% VKRZLQJ ILWWLQJ RI D VLQJOHH[SRQHQWLDO GHFD\ PRGHO UHG OLQH WKH ? ? ?
HVWLPDWHGEOHDFKLQJ UDWH LQ WKHVDPHFRQGLWLRQV EOXH OLQHDQG WKHFRUUHFWHGHVWLPDWHGERXQG ? ? ?
WLPHSXUSOHOLQH1RWHWKDWWRLPSURYHDFFXUDF\LQVLQJOHPROHFXOHGHWHFWLRQWUDFNVVKRUWHUWKDQ ? ? ?
IRXU ORFDOL]DWLRQV ZHUH UHPRYHG LQ WKH FDVH RI ε EXW FRUUHFWHG GXULQJ FXUYH ILWWLQJ KHQFH WKH ? ? ?
ORZHU EDU QHDU  VHFRQGV WLPH SRLQW ε GDWD ZDV FROOHFWHG XVLQJ PV H[SRVXUH WLPH DQG  ? ? ?
VHFRQGLQWHUYDOV1 'QD%GDWDZDVFROOHFWHGXVLQJVHFRQGH[SRVXUHWLPHDQGVHFRQG ? ? ?
LQWHUYDOV1 7KHSORWIRU'QD%VKRZVELQQHGGDWDIRUSUHVHQWDWLRQSXUSRVHV'6XPPDU\ ? ? ?
RIHVWLPDWHGDYHUDJHERXQGWLPHV(UURUVLQWKHWDEOHUHSUHVHQW6( ? ? ?
 ? ? ?
)LJXUHILJXUHVXSSOHPHQW&KDUDFWHULVDWLRQRIP0DSOHIXVLRQV ? ? ?
$3ORWVKRZLQJJURZWKFXUYHVRIWKH$%DQGGHULYDWLYHVWUDLQVFDUU\LQJP0DSOHIXVLRQV ? ? ?
WRUHSOLVRPHFRPSRQHQWV([SHULPHQWZDVGRQHLQ0*O\FHURODWR&$YHUDJHDQGVWDQGDUG ? ? ?
GHYLDWLRQRIWKUHHH[SHULPHQWVDUHVKRZQ ? ? ?
%7DEOHWKDWVXPPDUL]HVWKHUHVXOWVIURPWKHJURZWKFXUYHH[SHULPHQWV ? ? ?
 ? ? ?
)LJXUH ILJXUH VXSSOHPHQW  0LQLPDO H[SRVXUH WR QP DFWLYDWLRQ OLJKW DOORZV ? ? ?
FRQWLQXDWLRQRIFHOOJURZWK ? ? ?
$,PDJHVREWDLQHGIURPDQVSW3$/0H[SHULPHQWRIDVWUDLQFDUU\LQJP0DSOH'QD%XVLQJV ? ? ?
H[SRVXUHWLPHVRIWKHQPODVHUDQGPLQXWHLQWHUYDOVWLPHLQPLQXWHV1RWHWKHJURZWKRI ? ? ?
FHOOVGHVSLWHH[SRVXUHWRDVLQJOHHYHQWRIQPZDYHOHQJWKDFWLYDWLRQDQGPXOWLSOHH[SRVXUHV ? ? ?
WRQPZDYHOHQJWKOLJKW6FDOHEDU 2µP ? ? ?
%3ORWVKRZLQJOHQJWKVRIFHOOVRYHUWLPHIRUGLIIHUHQWFHOOV7KHDYHUDJHRIGRXEOLQJWLPHLV ? ? ?
VLPLODUWRWKHJHQHUDWLRQWLPHRI$%DWR& ? ? ?
 ? ? ?
)LJXUH ILJXUH VXSSOHPHQW  (VWLPDWLRQ RI SKRWREOLQNLQJ WHVW IRU WZR ELQGLQJ NLQHWLF ? ? ?
UHJLPHVDQGFKDUDFWHULVDWLRQRI WKH HIIHFWRI ORQJHUVFDSWXUH UDWHV LQRXUHVWLPDWLRQRI ? ? ?
ERXQGWLPHV ? ? ?
$)UHTXHQF\RIGHWHFWHGVKRUWJDSVOLNHO\UHSUHVHQWLQJSKRWREOLQNLQJGXULQJWKHWUDFNLQJRID ? ? ?
SRSXODWLRQRI/DF,P0DSOHPROHFXOHVXVLQJPVFDSWXUHUDWHV:HDSSOLHGDFXWRIIWKUHVKROG ? ? ?
DWVHFRQGVIRUWKHPD[LPXPGXUDWLRQRISKRWREOLQNLQJEDVHGRQSUHYLRXVFKDUDFWHULVDWLRQRI ? ? ?
P0DSOH 'XULVLF HW DO  0RUH WKDQ  RI WKH PROHFXOHV GLG QRW VKRZ SKRWREOLQNLQJ ? ? ?
1 PROHFXOHV ? ? ?
%'LVWULEXWLRQRIJDSWLPHVEHWZHHQVXEVHTXHQWORFDOL]DWLRQVDWWKHVDPHORFDWLRQRIWKHILHOG ? ? ?
RIYLHZ1RWHWKDWPRVWHYHQWVODVWHGIRURQO\RQHIUDPH1 HYHQWV ? ? ?
&:HILWWHGWKHGLVWULEXWLRQRIJDSWLPHVWRDVLQJOHH[SRQHQWLDOIXQFWLRQXVLQJDWUXQFDWHGIRUP ? ? ?
RI0/(7KLVZDVGRQHWRDFFRXQWIRUWKHIUDFWLRQRIHYHQWVVKRUWHUWKDQPVZKLFKZRXOGEH ? ? ?
PLVVHGLQRXUH[SHULPHQWV8VLQJDIUDPHPHPRU\SDUDPHWHUZHHVWLPDWHWKDWRXUDQDO\VLVZLOO ? ? ?
SUHPDWXUHO\WHUPLQDWHOHVVWKDQDQGRIWKHWUDFNVGXHWREOLQNLQJZKHQXVLQJ ? ? ?
DVHFRQGVHFRQGDQGVHFRQGLQWHUYDOVUHVSHFWLYHO\ ? ? ?
' 6HPLORJ SORWV RI WKH GDWD SUHVHQWHG LQ )LJXUH & IRU ε DQG 'QD% 7KH SORWV VKRZ D ? ? ?
UHODWLYHO\ OLQHDU UHODWLRQ EHWZHHQ QXPEHU RI FDVHV DQG WLPH ZKLFK LV LQGLFDWLYH RI D VLQJOH ? ? ?
UHJLPHRIELQGLQJIRUERWKVXEXQLWV)XUWKHUVXSSRUWRIDVLQJOHELQGLQJEHKDYLRXULVSUHVHQWHGLQ ? ? ?
6XSSOHPHQWDU\ILOH& ? ? ?
( 3ORWV VKRZLQJ WKH 3') FXUYHV RI ERXQG EOHDFKLQJ DQG WUDFNLQJ WLPHV IRU UHSUHVHQWDWLYH ? ? ?
UHVXOWVIURPDVLQJOHH[SHULPHQWRIεLPDJHGZLWKPVOHIW1 DQGVH[SRVXUHULJKW ? ? ?
1  7KH ERXQGWLPH ZDV V 6( ±V DQG V 6( ±V IRU PV DQG V ? ? ?
UHVSHFWLYHO\ 7KH SORW IRU WKH PV H[DPSOH LV SUHVHQWHG WR IDFLOLWDWH FRPSDULVRQ DQG LV ? ? ?
LGHQWLFDOWRWKDWLQ)LJXUH& ? ? ?
 ? ? ?
)LJXUH ILJXUH VXSSOHPHQW  6ORZ GLIIXVLRQ RI 'QD% KHOLFDVH FRPSOLFDWHV FRUUHFW ? ? ?
DVVLJQPHQWRILPPRELOHPROHFXOHVDWVXEVHFRQGFDSWXUHUDWHV ? ? ?
$)$QDO\VLVIURP3$/0H[SHULPHQWVRIεP0DSOHDQGP0DSOH'QD%XVLQJDPVFDSWXUH ? ? ?
UDWH$&DOFXODWHG06'VIRUWKHWZRSURWHLQV,QERWKFDVHVFXUYHVSODWHDXDWDURXQGQPLQ ? ? ?
DJUHHPHQWZLWKWKHGLPHQVLRQRIWKHVKRUWD[LVRIWKHFHOO%&RPSDULVRQRIVWHSOHQJWKVLQWKH ? ? ?
WUDFNVRIGLIIXVLQJPROHFXOHVDQDO\VHG&'([DPSOHVRIGHWHFWHGWUDFNVIRUε DQG'QD%/LQHV ? ? ?
RIGLIIHUHQWFRORXUVDUHXVHGWRIDFLOLWDWHWKHREVHUYDWLRQRILQGLYLGXDOWUDFNV$UHGOLQHZDVRQO\ ? ? ?
XVHG WR VKRZ WKHSRVLWLRQRI WUDFNV UHSUHVHQWLQJ LPPRELOH WUDFNVZKHUH WKHDSSDUHQWGLIIXVLRQ ? ? ?
FRHIILFLHQW LV FORVH WR  7KH RXWOLQH RI WKH FHOO LV VKRZQ LQ JUH\ () 'LVWULEXWLRQ RI WKH ? ? ?
DSSDUHQW GLIIXVLRQ FRHIILFLHQWV FDOFXODWHG  WUDFNV REWDLQHG IURP  FHOOV DQG  WUDFNV ? ? ?
REWDLQHGIURPFHOOVZHUHXVHGIRUεDQG'QD%UHVSHFWLYHO\ ? ? ?
*'LVWULEXWLRQRIPHDQ36)VIRUWKH[D[LVIRUWUDFNVRIεP0DSOHRUP0DSOH'QD%REWDLQHG ? ? ?
IURPH[SHULPHQWVGRQHZLWKPVFDSWXUHUDWHV,QWKHFDVHRIεDFOHDUSHDNFORVHWRQP ? ? ?
VKRZV WKH 36) GLPHQVLRQV RI LPPRELOH PROHFXOHV ZKLOH D VHFRQG SHDN FORVH WR QP ? ? ?
UHSUHVHQWV GLIIXVLQJ PROHFXOHV ,Q FRQWUDVW WKH GLPHQVLRQV RI WKH 36)V IURP LPPRELOH DQG ? ? ?
GLIIXVLYHPROHFXOHVLV OHVVFOHDUIRU'QD%7KHGDVKHGOLQHVKRZVWKH WKUHVKROGXVHGWRDVVLJQ ? ? ?
LPPRELOHDQGGLIIXVLQJPROHFXOHVLQRXUDQDO\VLV ? ? ?
 ? ? ?
)LJXUH'QD%PD\VHUYHDVDSODWIRUPIRUIUHTXHQW3RO,,,VXEDVVHPEO\UHELQGLQJ ? ? ? ?
$5HSUHVHQWDWLYHH[DPSOHRIDFHOOZKHUHDVLQJOHDFWLYDWHFRS\RIε ?P0DSOHVKRZVPXOWLSOH ? ? ? ?
F\FOHVRIELQGLQJDQGXQELQGLQJWLPHLQVHFRQGV2EWDLQHGIURPDQH[SHULPHQWXVLQJVHFRQG ? ? ? ?
LQWHUYDOV EHWZHHQ FRQVHFXWLYH LPDJHV )UDPH DYHUDJH VKRZV WKH FHOOXODU ORFDWLRQ RI WZR ? ? ? ?
UHSOLVRPHV ? ? ? ?
%([DPSOHRIDFHOOZKHUHDVLQJOHDFWLYDWHGP0DSOH'QD%PROHFXOHUHPDLQVORFDOL]HGDVD ? ? ? ?
IRFXV IRU VHYHUDO PLQXWHV WLPH LQ PLQXWHV 2EWDLQHG IURP DQ H[SHULPHQW XVLQJ  VHFRQG ? ? ? ?
LQWHUYDOVEHWZHHQFRQVHFXWLYHLPDJHV%RXQGDULHVRIWKHFHOOVDWWKHEHJLQQLQJRIWKHH[SHULPHQW ? ? ? ?
DUHVKRZQDVZKLWHRXWOLQHV ? ? ? ?
 ? ? ? ?
)LJXUH ILJXUH VXSSOHPHQW  5HELQGLQJ RI FRSLHV RI ε DW WKH VDPH SRVLWLRQ DUH ? ? ? ?
XQH[SHFWHGO\IUHTXHQW ? ? ? ?
$3ORWVKRZLQJWKHQXPEHURIUHELQGLQJHYHQWVGXULQJDVLQJOHH[SHULPHQW ? ? ? ?
% 'LVWULEXWLRQ RI JDS WLPHV FDOFXODWHG IURP GDWD REWDLQHG XVLQJ  VHFRQG H[SRVXUH WLPH ? ? ? ?
5HELQGLQJDQDO\VLVZDVGRQHVLPLODUO\ WR WKH WUDFN OLQNDJHDQDO\VLVH[FHSWQRIUDPHWKUHVKROG ? ? ? ?
ZDV DSSOLHG  7LPH EHWZHHQ UHELQGLQJ HYHQWV ZDV REWDLQHG E\ GHWHUPLQLQJ WKH WLPH LQWHUYDO ? ? ? ?
EHWZHHQWKHHQGRIDVLQJOHPROHFXOHWUDFNDQGWKHEHJLQQLQJRIDQHZWUDFNDWWKHVDPHSRVLWLRQ ? ? ? ?
LQ WKHFHOO1RWH WKDW LQ UHDOLW\ WKH IUHTXHQF\RIELQGLQJZLOO OLNHO\EHKLJKHU VLQFHPROHFXOHV ? ? ? ?
KDYHD VLPLODUSUREDELOLW\RIELQGLQJ WRDGLIIHUHQW UHSOLVRPHEHWZHHQFRQVHFXWLYHHYHQWV:H ? ? ? ?
PDQXDOO\ DQDO\VHGFHOOVZLWK WZR UHSOLVRPH VSRWV DQGHVWLPDWHG WKDW RI FRQVHFXWLYH VSRW ? ? ? ?
UHDSSHDUDQFHHYHQWVRFFXUDWDGLIIHUHQWSRVLWLRQLQFHOOVZLWKWZRUHSOLVRPHV1 FHOOV ? ? ? ?
UHELQGLQJHYHQWV ? ? ? ?
 ? ? ? ?
)LJXUH5HSOLVRPHG\QDPLFVDUHSDUWO\GHSHQGHQWRQDFWLYH'1$V\QWKHVLV ? ? ? ?
$ 6XPPDU\ RI WKH DYHUDJH ERXQGWLPHV LQ FHOOV WUHDWHG ZLWK +8 HVWLPDWHG E\ )5$3 7KH ? ? ? ?
UHVXOWV IRUXQWUHDWHG EOXHEDUVDQG WUHDWHGFHOOV JUHHQEDUV LV VKRZQ'DWD IRU WKHXQWUHDWHG ? ? ? ?
FRQGLWLRQLVSUHVHQWHGWRIDFLOLWDWHFRPSDULVRQDQGLVLGHQWLFDOWRWKDWLQ)LJXUH'5HGVTXDUHV ? ? ? ?
UHSUHVHQW WKH QRUPDOLVHG OHYHO RI IOXRUHVFHQFH UHFRYHU\ 'DVKHG EOXH OLQH VKRZV HVWLPDWHG ? ? ? ?
PD[LPXPSRVVLEOHUHFRYHU\,WZDVQRWSRVVLEOHWRHVWLPDWHWKHERXQGWLPHIRU'QD% ? ? ? ?
% 6XPPDU\ RI ERXQGWLPHV HVWLPDWHG E\ VSW3$/0 ZHLJKWHG DYHUDJH 5HVXOWV IRU WKH ? ? ? ?
XQWUHDWHG EOXHEDUV DQG WUHDWHGFHOOV JUHHQEDUV LV VKRZQ'DWDREWDLQHGXVLQJFHOOV WUHDWHG ? ? ? ?
ZLWK WKH 51$ 3RO\PHUDVH LQKLELWRU 5LIDPSLFLQ LV DOVR VKRZQ IRU FHOOV FDUU\LQJ εP0DSOH ? ? ? ?
SXUSOH EDUV 'DWD IRU WKH XQWUHDWHG FRQGLWLRQ LV SUHVHQWHG WR IDFLOLWDWH FRPSDULVRQ DQG LV ? ? ? ?
LGHQWLFDOWRWKDWLQ)LJXUH'(UURUEDUVUHSUHVHQW6( ? ? ? ?
 ? ? ? ?
 ? ? ? ?
6XSOHPHQWDU\ILOH6XPPDU\RIWKHDQDO\VLVIRU)5$3DQGVSW3$/0 ? ? ? ?
$7KHOLVWRI)5$3H[SHULPHQWVIRUHDFKWKHVXEXQLWVLVVKRZQ(DFKURZUHSUHVHQWVDVLQJOH ? ? ? ?
VHWRIH[SHULPHQWVZKHUHWKHGDWDIURPGLIIHUHQWWLPHLQWHUYDOVZHUHFRPELQHGWRREWDLQDVLQJOH ? ? ? ?
VHWRIHVWLPDWHV1UHSUHVHQWVWKHQXPEHURIFHOOVPHDVXUHG ? ? ? ?
% 7KH OLVW RI VSW3$/0 H[SHULPHQWV LV VKRZQ (DFK URZ UHSUHVHQWV DQ LQGHSHQGHQW VHW RI ? ? ? ?
H[SHULPHQWVXVLQJWKHVDPHWLPHLQWHUYDOEHWZHHQSLFWXUHV ? ? ? ?
&7KH VXPPDU\RI WKH ILWWLQJ WHVW UHVXOWV IRU VSW3$/0H[SHULPHQWV LVSUHVHQWHG&KL VTXDUH ? ? ? ?
WHVWZDVXVHGWRDVVHVVWKHJRRGQHVVRIILWRIDVLQJOHH[SRQHQWLDOIXQFWLRQ/LNHOLKRRGUDWLRWHVW ? ? ? ?
DQG%,&WHVWVZHUHXVHGWRWHVWIRUDVHFRQGH[SRQHQWLDOEHKDYLRULQWKHGLVWULEXWLRQV ? ? ? ?
  ? ? ? ?
7DEOH6WUDLQVXVHGIRUWKLVVWXG\ ? ? ? ?
 ? ? ? ?
6WUDLQ 5HOHYDQWJHQRW\SH 6RXUFH
$%
thr-1, araC14, leuB6(Am), 
DE(gpt-proA)62, lacY1, tsx-33, qsr'-0, 
glnV44(AS), galK2(Oc), LAM-, Rac-0, 
hisG4(Oc), rfbC1, mgl-51, rpoS396(Am), 
rpsL31(strR), 
kdgK51, xylA5, mtl-1, argE3(Oc), thi-1  
'HZLWWDGHOEHUJ

55/ holC-ypet kan 5H\HV/DPRWKH
55/ holE-ypet kan 5H\HV/DPRWKH
55/ ssb-ypet kan 5H\HV/DPRWKH
55/ holA-ypet kan 5H\HV/DPRWKH
55/ holD-ypet kan 5H\HV/DPRWKH
55/ dnaE-ypet kan 5H\HV/DPRWKH
55/ dnaQ-ypet kan 5H\HV/DPRWKH
55/ dnaX-ypet kan 5H\HV/DPRWKH
55/ frt ypet-dnaN 5H\HV/DPRWKH
55/ frt-ypet-dnaB 5H\HV/DPRWKH
55/ dnaQ-mmaple kan 7KLVVWXG\
55/ holA-mmaple kan 7KLVVWXG\
55/ tetR-ypet kan, [tetO240-gm]852 7KLVVWXG\
55/ dnaX-mmaple kan 7KLVVWXG\
55/ frt mmaple-dnaB 7KLVVWXG\
55/ frt mmaple-dnaN 7KLVVWXG\
7% dnaB-mMaple kan 7KLVVWXG\
7% lacI-mMaple kan, [lacO240-hyg]2735::ǻpheA 7KLVVWXG\
3ODVPLG )HDWXUHV 6RXUFH
S.' ([SUHVVLRQRIODPEGDUHGJHQHV 'DWVHQNRDQG:DQQHU
S&3 ([SUHVVLRQRI)OSUHFRPELQDVH 'DWVHQNRDQG:DQQHU
S52' P<3HW.DQ5.JDPPDRUL)RU&WHULQVHUWLRQV 7KLVVWXG\
S52' <3HW.DQ5.JDPPDRUL)RU1WHULQVHUWLRQV 7KLVVWXG\
S52' P0DSOH.DQ5.JDPPDRUL)RU&WHULQVHUWLRQV 7KLVVWXG\
S52' P0DSOH.DQ5.JDPPDRUL)RU1WHULQVHUWLRQV 7KLVVWXG\
 ? ? ? ?
 ? ? ? ?












